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FOREWORD

Effective regulatory and enforcement actions by the Environmental Protec-
tion Agency would be virtually impossible without sound scientific data on
pollutants and their impact on environmental stability and human health.
Responsibility for building this data base has been assigned to EPA's Office
of Research and Development and its 15 major field installations, one of which
is the Corvallis Environmental Research Laboratory (CERL).

The primary mission of the Corvallis Laboratory is research on the ef-
fects of environmental pollutants on terrestrial, freshwater, and marine
ecosystems; the behavior, effects and control of pollutants in lake systems;
and the development of predictive models on the movement of pollutants in the
biosphere.

The Colstrip, Coal-fired Power Plant Project is a first attempt to gener-
ate methods to predict the bioenvironmental effects of air pollution before
damage is sustained. The results will aid planners in assessing the ecologi-
cal impact of energy conversion activities on grasslands prior to site selec-
tion.

J. C. McCarty
Acting Director, CERL
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PREFACE

The Environmental Protection Agency has recognized the need for a ra-
tional approach to the incorporation of ecological impact information into
power facility siting and managment decisions in the northern great plains.
Two capabilities need to be developed. First, in evaluating alternative
sites, planners need to be able to predict the kinds and magnitudes of impacts
to be expected so that adverse consequences to the environment can be mini-
mized. Secondly, for routine facility management after siting, environmental
monitoring methods are needed for detecting incipient ecological damage in
time for mitigation efforts to be effective.

Research funded by the Colstrip, coal-fired power plant project is a
first attempt to generate the methods needed to predict the bioenvironmental
effects of air emissions from coal-fired power plants before damage is sus-
tained. The work can be subdivided into three chronological phases: 1) the
identification of information requirements and the expansion of data and
information bases to fill these requirements, 2) the integration and synthesis
of newly generated data with existing information to define relationships
permitting maximum predictive capability, 3) provide the information in a
format useful to planners and decision makers involved in siting coal-fired
power plants. Several iterations of phases 1 through 3 may be necessary in
the long term.

Project rationale and design have been presented in detail in introduc-
tory sections of previous interim reports. Until now effort has been largely
confined to Phase 1. As the project proceeds, progressively more resources
will be devoted to Phases 2 and 3. In the present report, Sections 24 and 25
deal with the synthesis and integration of data bases to generate methods for
ecological impact assessment and prediction. The rate of transition in empha-
sis is primary dictated by the adequacy of data bases available for synthesis.

Research effort for Phase 1 falls roughly into two broad categories: 1)
ecological effects monitoring in the vicinity of two 350 megawatt coal-fired
power plants at Colstrip, Montana, and 2) field and laboratory process studies
designed to elaborate the mechanisms through which coal-fired power plant
emissions cause their effects.

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.
The current results relevant to this effects monitoring appear in Section 1-8.
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In 1974, A Zonal Air Pollution System (ZAPS) was designed to stress 0.5
hectare areas of native grassland with measured concentrations of SO,. In the
summer of 1975, field stressing experiments were begun to provide the data
necessary to develop dose-response models of SO, stress on a grassland eco-
system. A second Zonal Air Pollution System (ZAPS II), was constructed in
1976. Both ZAPS I and ZAPS II were operated during the growing seasons of
1976 and 1977. The design of these experimental systems has been described in
previous interim reports. Their behavior is further described in the present
report. Effects on microorganisms, producers and consumers have been moni-
tored throughout the stressing experiments. In addition, field experiments
have been conducted to evaluate the effects of SO, stress on alfalfa and small
grains of agricultural importance in the northern plains. The results of
these experiments to date are summarized in Sections 9-20.

Trace element emissions from coal-fired power plants may also influence
ecosystem behavior. Laboratory experiments have been conducted to evaluate
the behavior of mercury and other selected trace elements on selected soils
and plants. These results are presented in Sections 21-23.

The final two sections represent preliminary attempts to utilize informa-
tion presented in previous sections and previous interim reports to address
the project's objectives.



ABSTRACT

The purpose of the Colstrip, Coal-fired Power Plant Project is to develop
information that will aid in assessing the potential bioenvironmental impacts
of air emissions from coal-fired power plants on northern plains ecosystems
before damage occurs. The project has three major components: (1) a case
study of the ecological impact of the coal-fired generating units at Colstrip,
Montana, (2) a series of field and laboratory process studies designed to
elaborate the mechanisms 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.

COLSTRIP STUDIES

Pre-construction 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 opera-
tion in September 1975. Since then, key characteristics of the ecosystem
have been monitored to detect air pollution and its ecological effects.

Both natural aerosols and those generated by the coal-fired power plants
at Colstrip, Montana, were studied. The background aerosols were found to
consist of irregular-shaped particles composed primarily of alumino-silicates
with relatively high concentrations of the metallic elements for a rural
area. Aerosols generated by the power plant were relatively large (approxi-
mately 1 pm), glassy, alumino-silicate spheres with a high incidence of
calcium and sulfur when collected in the plume near the power plant. At
large distances downwind they became small (<.4 pum) sulfur-containing spheres.
These artificial aerosols increase the available ice-nuclei concentration by
an order of magnitude, and may be significant to the formation and distribu-
tion of precipitation.

Plant community studies indicate that graminoids and lichens are the
dominant vegetational components influencing cover, number, and diversity at
the grassland study sites near Colstrip. The abundance of annual grasses
varies markedly among sites, and this strongly affects diversity through
reduced equitability. Previous grazing history and variations in yearly
climatic conditions, which are primarily responsible for the observed differ-
ences in plant species composition, have so far masked any pollution effects.
The data suggest a predictive relationship between plant diversity and range
condition.

Two lichen species have been monitored for signs of stress since 1974.
There were sharp respiration rate increases in September 1977 in both Usnea
nirtz and Parmelia chlorochroa at sites closest to Colstrip. Chlorophyll
content of Usnea Airic thalli may have decreased between 1975 and 1977.
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The characteristics of four different years of pine foliage collected
during 1977 at pristine and chronically polluted sites are compared. All air
pollution damage symptoms are mimicked macroscopically by abiotic and biotic
causal agents in pristine environments, The foliar symptoms being measured

over time on foliage from chronically polluted areas increased or decreased
in comparison to those found in pristine areas. ‘

Pre- and post-operational assessments of the ground level plume contact
area were made using terrestrial insects as biological indicators. Post-
operational changes in fluoride levels in bee tissues were statistically
significant in 1976 and 1977 at downwind sites 15-20 km from Colstrip.

Trends in bird populations have been monitored for three consecutive
years in the vicinity of Colstrip. Since 1975, the avian community has
become increasingly dominated by Meadowlarks while the relative abundances of
raptors, blackbirds and Lark Buntings have decreased. Much of the local

variation in bird species diversity is strongly correlated with habitat
factors.

Baseline trends in the histology of thymus and thyroid glands of western
meadowlarks near Colstrip are reported.

FIELD AND LABORATORY EXPERIMENTS

In 1974, a Zonal Air Pollution System (ZAPS) was designed to stress 0.5
hectare areas of native grassland with measured concentrations of S50,.
Field stressing experiments were initiated during the summer of 1975. A
second ZAPS was constructed in 1976. Both ZAPS I and ZAPS II were operated
during 1976 and 1977.

Soil and meteorological characteristics at ZAPS are presented.

Average geometric mean SO, exposure concentrations for 3 growing seasons
(1975, 1976, 1977) on ZAPS I plots were near 1 pphm, 2 pphm, 4 pphm and 7
pphm for the Control, Low, Medium, and High treatments, respectively. Expo-
sure concentrations on ZAPS II for 2 growing seasons (1976, 1977) were near
1 pphm, 3 pphm, 5 pphm, and 7 pphm for Control, Low, Medium, and High treat-
ments, respectively. Standard geometric deviations of SO2 concentrations on
the plots were approximately 3 pphm. SO, concentrations on the ZAPS plots
showed substantial inter-seasonal and intra-seasonal variation. Concentra-
tions were generally higher at night than during the day, but otherwise
patterns of intra-seasonal variability were not consistent between ZAPS plots
or between years. Intra-season variation was greatest on High treatment
plots and least on Control plots. Seasonal frequencies of SO, concentrations
were approximately log-normally distributed and showed reasonably good
separation in fumigation histories of the treatment plots. Though median SO,
concentrations of the Control plots were small, these plots were subject to
short-term acute fumigations due to drift from other plots. SO, concen-
trations decreased with decreasing height above the ground within the plant
canopy.
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Soils from each of the fumigation plots were analyzed for their hydrogen
oxidation potential using Alcaligenes paradoxus as a representative micro-
organism. After 1 year of fumigation, only the High treatment plot exhibited
a detectable depression in hydrogen oxidation potential. However, after 2
years, there was a significant decrease in hydrogen oxidation potential

associated with increasing S50, exposure.

The dominant grass species on the plots are resistant to acute visible
injury from SO, exposure. For most, exposure to 1.6 ppm or greater concen-
trations of SO, for four hours or longer is required to produce typical
symptoms. Threshold doses for acute injury have apparently not been exceeded
even on the highest treatment since no acute visible injury symptoms have
appeared.

Chronic visible injury for western wheatgrass, Agropyron smithii, on
the SO, treated plots is expressed by an increased leaf senescence without
specific pattern. Leaf senescence occurs earlier and at a more rapid rate
than on controls. A gradient of increasing chlorosis from the lower to
higher treatment plots was evident in remote imagery after one season of
treatment. Unfortunately, within plot heterogeneity made changes of less
than 15% in biomass dynamics and net primary productivity impossible to
detect with the harvesting method used in 1975. No change attributable to
treatment was detected. Harvesting methods with greater precision were used
during 1976 and 1977 which allowed changes of about 10% to be detected. To
date, no statistically significant changes in net primary productivity have
appeared. Fluctuations in species composition and diversity have thusfar
shown no consistent relationship to SO, treatment.

While the mechanism of SO, action has not been demonstrated, field
observations and review of the literature allowed development of the follow-
ing working hypothesis. On the entry to the leaf, SO, is rapidly dissolved
to form sulfite which is toxic in relatively low concentrations and thought
to be responsible for acute leaf injury. Sulfite is slowly oxidized to
sulfate which is much less toxic than sulfite and may be used directly as a
nutrient. As long as SO, is not absorbed at a rate exceeding the cell's
capacity to change sulfite to sulfate, acute leaf injury is unlikely.
However, as the concentration of sulfate increases over time, toxic levels
may be reached causing chlorosis and resulting in an increased rate of leaf
senescence.

At the exposure rates on the ZAPS plots, western wheatgrass plants
apparently grew at a sufficient rate to incorporate the 50, into normal
metabolites early in the growing season. Later in the growing season, when
metabolic activity slowed, toxic levels of sulfur compounds may have accumu-
lated and accelerated senescence. Thusfar, the increased rate of senescence
has been observed only in western wheatgrass on the medium and high treat-
ments. Sulfur accumulation was apparently insufficient to cause early senes-
cence on the low treatments.

Whatever the mechanism, SO, causes foliar senescence to begin earlier

and therefore reduces the functional life of the leaves of western wheat-
grass. This may require that more photosynthate be allocated to maintain
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active photosynthetic machinery at the expense of other plant processes, such
as root storage or seed production. Gradual depletion of root carbohydrate
reserves could eventually reduce the capacity of the system to overwinter
successfully, sustain grazing, or tolerate additional air pollution.

Sexual reproduction was also apparently impaired by SO, treatment on
some plots in some species. This was manifested variously as decreases in
seed weight, 7 germination, germination rate, and seed viability depending
upon the species. Such effects upon seed production and viability have
direct implications for seed farmers in the northern Great Plains, but there
may also be significant implications for the viability of the ecosystem.
Sexual reproduction provides the genetic mechanism to adapt over the long-
term to new environmental stresses such as air pollution. If sexual repro-
duction is impaired, a smaller range of genotypes will be available upon
which adaptive selection can operate.

Grasses on the treated plots appeared to accumulate sulfur in direct
proportion to the median SO, concentration they experience, though evidence
of accumulation on the Control and Low treatments is inconclusive. On the
medium and high plots, accumulation proceeds through the growing season.
Though much of the accumulated sulfur is cycled through dead above ground
material at the end of the growing season, each spring, sulfur accumulation
seems to begin from a higher baseline level than was present at the same time
during the previous spring. The long-term implications of this are difficult
to predict. The increased sulfur availability may prove advantageous to the
plants if sulfur levels are deficient and low availability of other nutrients
does not limit metabolic utilization of the excess sulfur. If the excess
sulfur cannot be utilized, accumulation of toxic concentrations of sulfur
compounds may occur progressively earlier in the growing season year after
year. This could lead to progressively earlier leaf senescence and accelerate
the gradual loss of vitality previously discussed.

SO, exposure has apparently modified the forage quality of western
wheatgrass plants on the treated plots. Crude protein content decreased from
about 107 to about 8% following the second year of exposure on ZAPS I. This
change appears to be a very low threshold effect. The reduction in crude
protein content occurred even on the low treatment. This effect could have
dramatic implications for the stocking capacities of grazing land in the
northern Great Plains. Ranchers that can sustain stock by feeding native
grasses having 10% crude protein may have to provide a protein supplement if
the level were reduced to 8%.

Mycorrhizal fungi are normally associated with the rhizomes of western
wheatgrass. This is apparently a mutualistic association in which the fungi
utilize a portion of the host's root carbohydrates while facilitating phos-
phorus transport from humus to the plant. Occurrence of mycorrhizal fungi
decreased in direct proportion to increased median SO, exposure concentration
on the treated plots. The cause of decreased association is still unclear.
It is possible that carbohydrate available to the fungi decreased because of
decreased photosynthate or increased sulfur translocation to the rhizomes and
roots. The significance of decreased mycorrhizal fungal association for the
long-term viability of the grasses cannot adequately be evaluated at this
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time, but any reduction in the ability of primary producers to make use of
the otherwise available nutrients would likely be detrimental to primary

productivity.

Lichens are an important winter forage for deer and are particularly
sensitive to SO, stress. Lichen coverage has been severely reduced on the
treated plots. Both the amount of photosynthetic tissue and respiration rate
are affected.

Though a majority of invertebrate groups failed to show substantial
population level treatment responses, there were important exceptioms.
Ground beetles of the genus Canthon consume and/or fragment large quantities
of organic material such as feces, carrion, and vegetative matter. Fragmen-
tation creates greater surface area upon which decomposer microflora may work
thus facilitating decomposition. These beetles have responded markedly to
SO, fumigation. Beetle numbers (as measured by pitfall trapping) have de-
creased dramatically on all treated plots. The exposure threshold causing
this effect is apparently quite low. It is not yet known whether reduced
numbers result from SO, avoidance or a change in life table parameters.

Grasshoppers sever many shoots that they do not consume. This material
becomes above ground litter and begins decomposing. This process may reduce
total photosynthetic surface of affected plants by removing live shoots
and/or it may bring standing dead material into the litter layer where
decomposition may occur more rapidly. In any event, the rate of such grass-
hopper wastage of live and standing dead material must be influenced by
grasshopper grazing rates which in turn must be some function of grasshopper
numbers and consumption rate per grasshopper. Controlled feeding trials in
laboratory cages showed that two grasshopper species selectively rejected
western wheatgrass that had been previously exposed to SO, on the High
treatment plot (ZAPS I). Preliminary work also suggests that grasshopper
numbers may decrease on some treated plots. Though the decrease appears to
be modest, such effects on grasshoppers could influence the rate of flow of
carbon into the litter layer.

Below ground microarthropods, nematodes, tardigrades and rotifers are
important to mineralization of nutrients bound in below ground organic
material. Any changes in populations of these organisms may substantially
affect rates in the below ground portion of nutrient cycles. Responses of
below ground organisms to SO, treatment has been mixed. Mites have shown no
detectable treatment effect. Though total nematode population numbers have
not changed, the proportion of saprophagous nematodes has decreased and the
proportion of plant feeding nematodes has increased on ZAPS I. Nematodes on
ZAPS II have not shown any detectable treatment effects. Tardigrade numbers
were reduced in all but one of the treated plots (medium plot, ZAPS II) in
1977. Rotifers appeared to be reduced in the high treatment plots only.

While the magnitude of the above effects on nutrient cycling cannot yet
be quantified, several decomposition processes may take longer as a result of
S0, exposure at levels on the treated plots. A new equilibrium will have to

be reached between carbon fixation and nutrient cycling subsystems.



Predatory ground beetles of the family Carabidae have shown a decline in
numbers directly proportional to median SO, exposure during 1975 and 1976 on
both ZAPS sites. This decline in numbers could result from a direct effect
of S0, on predator avoidance or mortality or an indirect effect due to an
effect of SO, on prey species. The effects on various arthropod numbers
mentioned earlier may affect their availability as food which may in turn
affect the population dynamics of small mammals.

A capture-mark-release study of deer mice (Peromyscus maniculatus) and
prairie voles (Microtus ochrogaster) was conducted on the ZAPS sites at
monthly intervals from April to September 1976. Throughout most of the
trapping period, the number of occupied traps on all fumigated plots decreased
relative to Control plots on both ZAPS, and remained relatively higher on
Control plots from mid-season to the end of all trapping.

Aerial photography of the ZAPS sites has been collected since 1974.
Highly significant correlations were observed between image densities and SO,
levels on the fumigation plots. TLeaf senescence of western wheatgrass
showed similar relationships. Color infrared film exposed during the active
growth season gave the best results.

Several experiments were conducted at Oregon State University's Schmidt
Research Farm to determine the effects of various SO, treatments on yield of
small grains growing in a field environment. The results of a chronic expo-
sure experiment strongly suggested that the yields of Durum wheat and barley
could be suppressed by weekly, 72-hour exposures to SOy concentrations as low
as 15 pphm. Average yield reduction for the 15 pphm treatment were 427 and
447 compared to controls for Durum wheat and barley, respectively. The yield
of spring wheat was not reduced by the SO; treatment. An analysis of a
multiple exposure experiment demonstrated that 1) varying the frequency of 3-
hour exposures to SO, concentrations up to 120 pphm from as often as once
every week to as infrequently as once every 5 weeks had no effect on yields
of the small grain crops and alfalfa and 2) at 3-hour exposures, increasing
SOo> concentration from O to 120 pphm had no effect on yield. A growth stage
experiment demonstrated there was no growth stage at which the small grain
crops or alfalfa were most sensitive to a 3-hour exposure to SO, concentra-
tions up to 120 pphm. The growth of tops and roots of range grasses and
alfalfa was not affected during the fall season by 3-hour exposure to concen-
trations of SO, up to 120 pphm.

The fate of mercury in five surface soils from southeastern Montana was
studied in the laboratory. Western wheatgrass seedlings grown on soils
amended with mercuric nitrate showed aerial tissue concentration factors of
0.01 to 0.12.

The uptake of mercury vapor by plants was affected by both illumination
and temperature. Among six species examined, the mercury uptake differed
between species and a pronounced difference existed between C5 and Cy
plants, owing to their differences in biochemical processes.

The toxicity of selected trace elements emitted from coal-fired power
plants was determined for several biological functions in the blue-green
algae, Anabaena cylindrica. This organism performs the basic biological
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functions of nitrogen fixation, photosynthesis, respiration, and growth, was
easily adaptable to existing measurement techniques, is of significance in
the grassland biome, and provides an excellent multifunctional organism for
testing the effects of emission contaminants. The elements tested were F,
Na, C1, Br, Li, X, Sr, Ba, Cr, Mn, Ni, Cu, Zn, Cd, Hg, Pb, and As. 1In order
of decreasing toxicity Hg, Cu, Cr, Ni, Cd, and Pb exerted strong inhibition
at levels of 1 mM or below. In assays of biological functions Hg, Cu, Zn,
Cd, and Pb exhibited strong toxicity at 1 mM or lower levels.
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ECOLOGICAL EFFECTS MONITORING IN THE COLSTRIP VICINITY



SECTION 1

AFEROSOL CHARACTERIZATION IN THE VICINITY OF
COLSTRIP, MONTANA

C. C. Van Valin, R. F. Pueschel, D. L. Wellman,
N. L. Abshire, G. M. Lerfald, and G. T. McNice

ABSTRACT

Both natural aerosols and those generated by the
coal-fired power plant at Colstrip, Montana, were
studied over a three-year period from 1975, before the
power plant was operational through 1977 when it was
in full operation. A multi-sensor approach was
employed which included complete particle and gas
analysis from ground-based and airborne laboratories
supported by a variety of remote sensing devices
(laser radar, acoustic sounder, and solar photometry).
The background aerosols were found to consist of
irregular-shaped particles, primarily alumino-silicates
with relatively high concentrations of the metallic
elements for a rural area. Aerosols generated by the
power plant were relatively large (approximately 1 um),
glassy, alumino-silicate spheres with a high incidence
of calcium and sulfur when collected in the plume near
the power plant, becoming smaller (<.4 ym) sulfur-
containing spheres at large distances downwind. The -
elemental shift to sulfur is attributed to a gas-to-
particle conversion process. These artificial aerosols
increased the available ice-nuclei concentration by an
order of magnitude, which could be significant to the
formation and distribution of precipitation. As the
plume traveled downwind, even under a stable tempera-
ture inversion layer, it was found to break up into
inhomogeneous parcels.

INTRODUCTION

This program is designed to characterize the aerosol content of the
Colstrip power plant plume and to aid the U.S. Environmental Protection
Agency at Corvallis, Oregon, in the assessment of its impact on the eco-
system., Particles emitted by coal-fired plants (e.g-, ash), or formed from



gases emitted (e.g., sulfates or chlorides) produce an array of effects on
the ecosystem. They may produce direct biological effects through contact
with leaves and soil; they may affect solar radiation reaching the biosphere
by absorption and blanketing mechanisms, thus altering surface temperatures.
Aerosol properties such as solubility, crystalline formation, size, shape,
surface structure, and chemical composition will bear on the formation and
distribution of rain, snow, and hail, either near the source or far downwind,
depending on the temperature structure (inversions) and on mixing and diffu-
sion characteristics of the atmosphere downwind from the source.

Small particles are an especially significant part of the pollution
emitted by fossil fuel power plants, even when the stack emission has been
carefully filtered (we exclude, for this report, water droplet clouds and
fogs from the term aerosols). Aerosols may range from a cluster of a few
molecules to particles several tens of micrometers across. The larger
aerosol particles fall out rapidly and are not frequently observed in the
atmosphere except in the immediate vicinity of their source. However,
particles up to several micrometers in diameter may remain suspended in the
atmosphere for long periods, up to weeks or months. Thus, if stack filters
are not effective in removing small particles, the plume may produce sig-
nificant pollution which may accumulate in the vicinity, or may be swept by
winds over long distances.

MATERTALS AND METHODS

In order to determine the amount of such material, its source, its
distribution in the atmosphere, its composition, its size and shape distribu-
tions, the effects of weather conditions on its formation and its effect on
the high plains heat budget, it was necessary to use a combination of remote,
in~-81tu and airborne sensors, before and after contamination by the power
plant, and over sufficient time to obtain representative averages. These
sensors were contained in a mobile atmosphere characterization laboratory,
an airborne atmospheric characterization laboratory, and a mobile remote
sensing laboratory, all of which were described in detail in the Third
Interim Report (Abshire et al., 1978).

The observation schedule was established to bracket the high plains
growing season each year with two intensive measurement periods, roughly
centered about June 1 and September 1. The specific intervals are:

Year Spring Fall

1975 18 May - 15 June 17 Aug - 15 Sept
1976 21 May - 5 June 20 Aug - 11 Sept
1977 21 May - 4 June 20 Aug - 4 Sept

During 1975, the power plant was not in operation so that this data repre-
sents clear air baseline, as previously described (Abshire et al., 1978).

In 1976, the plant was in intermittent operation, and in 1977, it was in full
operation.



The ground-based equipment was located at Hay Coulee, 12 kilometers
southeast of Colstrip, during most of the measurement periods, the only
exception occurring during the second week of the fall 1977 experiment, when
the remote sensing laboratory was moved to the top of a butte, four kilo-
meters southeast of the plant (the Battelle No. 1 site).

The airborne laboratory recorded data over most of the area within a
50-kilometer radius of the power plant, either operating in the plume or in

response to the requirements of the two ground-based laboratories.

RESULTS AND DISCUSSION

Atmospheric Characterization Laboratories

The aerosol content of the plume and its vicinity was classified accord-
ing to number, size, shape and elemental composition. This classification
permits distinction between combustion-produced aerosols, which for energetic
reasons must be small and spherical, and naturally-formed particles that need
not be spherical, and that have a preferred size range of 0.6 to 1.0 um
diameter. Furthermore, the elemental composition of the particles hints
toward the types of compounds that are formed and their water solubility.
These properties determine the effects of the aerosol on visibility, on the
colloidal stability of clouds, and eventually on amounts and frequency of
precipitation.

Parameters Measured

Measurements of meteorological and aerosol parameters begun during the
two 1975 observation periods at Hay Coulee were continued. Wind direction
and velocity, temperature, relative humidity, light scattering coefficient
(bscat), total aerosol population (Aitken nuclei (AN)) and solar energy
received, were measured continuously. Nuclepore membrane filters were
collected at specified times; ice nuclei (IN) collected on the filter were
measured in a thermal diffusion chamber and selected filters were examined
in the scanning electron microscope with an energy dispersive x-ray accessory
(SEM-EDX) to determine the elemental composition of individual particles.

The acoustic ice nucleus counter was also utilized to measure IN concentra-
tions. Cloud condensation nuclei (CCN) were measured at specified times with
the thermal diffusion chamber-photographic method.

Instruments carried by the aircraft, a Cessna 206 six-place single
engine, high-wing airplane, were utilized to measure temperature, relative
humidity, AN, bgcat, ozone (03), nitric oxide (NO), nitrogen dioxide (NO32),
and sulfur dioxide (S02) continuously during the flight. Filter samples were
collected for subsequent analysis for IN and for particulate properties by
SEM-EDX. CCN were measured by the thermal diffusion-photographic method.

Observations

The Colstrip power plant was in limited operation for only two or three
days during the period 21 May - 5 June 1976. In consequence, the measure-
ments mainly reiterated the findings of the 1975 field periods (Schnell et



al., 1976; Parungo et al., 1978; Pueschel et al., 1974; Van Valin et al.,
1976), Z.e., the natural aerosol is relatively abundant in the metallic
elements and is therefore slightly more effective in the ice nucleation than
is the natural aerosol in most other locations that we have investigated; the

CCN concentration is generally within the range of 500-1000 cm‘3, and bgegt
is typical of clean environments.

The period 28 August - 11 September 1976 was dry, with warm days and
cool nights. During the night the winds were light and variable; daytime
experienced wind velocities of 2 to 6 m sec‘l, predominantly westerly. Rela-
tive humidity increased to maxima just before sunrise, typically reaching 80
percent. Coincident with the maxima in relative humidity were maxima in
bscat: During eleven successive 24-hour periods, the average maximum was
1.27 X 10~%m~1 and the average minimum was 0.36 X 10~4m~1; bscat was, on
the average, 3.5 times greater during the time of highest relative humidity
than during the period of lowest relative humidity (Figure 1l.la). It is
not reasonable to believe that the aerosol character changed from night to
day, and this is therefore interpreted as evidence of a rather hygroscopic
aerosol population, with optically effective particle size increasing, during
periods of higher humidity, from absorption of water. This is supported by
the finding of high concentrations of Cl- and S-containing particles (Figure
1.2). Both elements form anions that can lead to water soluble substances.
The day-to-night variation in bgcat was much less extreme during the two
study periods of 1977, being about a factor of two, on the average, with
approximately equal minimum values. Figures l.la, b, and c are the record
for the continuously measured parameters during 20 August - 10 September
1976, 20 May - 4 June 1977, and 20 August - 3 September 1977, respectively.

Figures 1.2 and 1.3 are derived from SEM-EDX examination of filter
samples collected in the mobile laboratory at Hay Coulee and with the air-
borne laboratory in the vicinity of Colstrip and Hay Coulee on May 27 and 29,
1977. On May 27, Hay Coulee experienced a fairly intense plume fumigation,
as shown by the increase in AN to 6.0 X lO4cm‘3, as compared to a background
concentration of 3.2 X 103cm-3 (Figure 1.1b). Hay Coulee had not, to our
knowledge, experienced any plume exposure on May 29, 1977. Therefore,
samples were collected from these two days that were to provide pre-exposure
and during-exposure samples on the day of fumigation, plus samples collected
at similar times-of-day on a non-exposure day, as well as some aircraft
samples over Hay Coulee and in the plume close to Colstrip. 1In all cases
except one, 75 particles were examined on each filter; the May 29 Air #5B
sample was so lightly loaded that 75 particles could not be found within the
prescribed 1 mm2 part of the filter. The particles were classified according
to diameter in ranges 0.1 - 0.4 um, 0.6 - 1.0 um, and 1.5 - 10.0 ym, and .
according to shape, whether spherical or irregular. As it turned out3 this
sample selection yielded considerably more information and understa?dlng of
plume behavior and composition than we had expected, as well as posing some
questions regarding particle origin that we have not yet answergd. The May
27 Ground #1 and Air #1 analyses show, because of their similarity, thaF
these samples were collected in the same air mass. An unanswered qgestlon
in connection with these two samples is: why do these samples contain s?
many spherical particles, 31 and 45 percent, respectively, when the available



0

P - < < - - . -
:" ~ :4 [y (Yo,
™ ;
v ~
4 o <1
b - -
o‘ hy (=)
oo _‘: —
— 'J, v
— — — La,
- S 2 Zwl =
ey w < ] — = v
w w -~ g o o E v
o ~ ks -y L
- P — ] w = -
z — — wl (@] -
o ] \ ,A
S o 5] 8 3 g §d
€ 1 31 x1]¢2 2] =
s |2 ]¢d e \ N
o =Ky, TV L4
e 4 < 1 . b
= = & L\¢\, @ B
-3 - - 4
pot pot pod
- had P had p=y
L Ql —
/ < v 1
= I —~2 -
S - W2, 4.6 0.10.12.14.16.19.20. 22. 24. - = - 0. 2. 4. 6. 8.10.12.14. 16,18, 20. 22. 24.
AUG 27,76 COLSTRIP AUG 27,76 HAY COULEE
- - - - - -
B I - o I R
u
Ly 7 ]
bvs “ 2
g = o> ~
—] o u
—~ = - "
sta|sd - Zvl o3
g €18 27 3 S
-~ T [—— w ¥ - "
z - — w (&) .-
S E T & M 0
— o = ) [ TIPS ' U
S| 87812 1 T4 ¥
S_ ) — < ..'.
o W I (- = © S
gl1eg |57~ = e
= > ':;‘:‘ ~ _ a a .
= - - -
- =i "
- 3‘ o ) A
- wy 1
2
I G B S B
- - . 2. 4 6, 8.10,12,14,16.10.20.22. 24. - 0. 2. 4. 6. 8.10.12,14.16.18.20.22.24,
AUG 28,76 COLSTRIP AUG 28,76 HAY COULEE

Figure 1.la. Continuously measured parameters at Hay Coulee, August 27 -
September 7, 1976. Reading from right to left, vertical
scales on the left of each graph refer to plots numbered
1, 2, 3, and 4 respectively. The *horizontal scale refers
to Mountain Daylight Time.



‘11 2and1]

*panuIluUO0)

dluiS0) 9L 0% oY

‘p2°22°02°81°91'v1°21°01°8 ‘9 ‘v 2

33003 AYH 9L°08 OnY
‘p22202°8l 9l Pl2I018 Y Y 2 O

¥IND DIRECTIONIDEG!
‘A

1 1111 180, 360.

WIND VELOCITY(M/SEC)
131 1 'R 10 20.

RELATIVE HUMIDITY(0/0}

'K 40, 80, 120, 160, L480.

TEMP (DEGREES C)

1

SOLAR, CAL/SG CM/MIN
1 1L 1 -5 3.0 5 1.0 ) 2.0

BSCAT!iC-4n-11, 1553

. 0 40 (YR 80.

et a2 88 3.0 3.9 40, .43 0

J1WS0) 9L°62 oY

‘p2T2 02819 vi210Le 9 vy 2

33N0J AYM 9L°62 9Ny
‘P2°22°02°01°91°P1ZI01B 9 'y 2 O

VIND DIRECTION(DEG!
'R

111 1811 189, 3680.
WIND VELOCITY(M/SEC)
111} 111] 4 18 2.
RELATIVE HUMIDITY(0/0)
' 40, 80, RY{R 169, L00.
TEMP (DEGREES C!
z 20, 40, 0.
#  Sme——

ff

SOLAR, CAL/SG CM/M]N
1t 10 iU -5 §.0 ) N 1.5 2.0

BSCAT!10-4M-13, 1550

lz..2.8..28 .30 .35 440 45 S
%!
',..a




‘BT'T 2Ind14

*peanuIluUO0)

L'l 435

d1uls0)

339103 AVYH 3L°1 43§
‘y2°'2202°81°31°y1°21°01°8 9 P 2 0=

WIND DIRECTIONIDEG!

113 1] 1431 9, 180 360,
WIND VELOCITY(M/SEC) .

" 118 g 10, 20.
RELATIVE HUMIDITY (0/0!)

i 40, 80, 120, 160, 200.

TEMP IDEGREES ()

< A 20, 49 [} 80.

(3

»

"

bad

S

=

»

o

P

8

N

>
{ )

t 1
( )

t '
SOLAR, CAL/SG CM/MIN

11t 11 iU - 5 §.0 .5 1.0 1.5 2.0
BSCAT!1({-4M-1),1550

'l & 1.0 19 20 2% 34..3.9..4.0 483, .30

WIND DIRECTI0WIDEG)

11t 11t R 180, 360.
WIND VELOCITY(M/SEC)
1t 1t N 14, 20.
RELATIVE HUMIDITY[0/0)
' 40 80, 120, 160 200.
TEMP (DEGREES C)
- . 20 40 &0 0.
~ ;5;;;55%
-~
>z o
s
w® —
oE - -
Ll T
- » N =
es
3
5o
P4
8
® =
{ ]
t  §
( )
t 1
SOLAR, CAL/SG CM/MIN
12 1t 15t -‘S p.e _5 1.0 1;5 2.0
BSCATI!I0-4M-1},155¢
d.4 S0t 18 2.0 29 30 3.8 .40 495 90
~
.b
ze
o
-
PR _ ~
x [
(]
o
&
]

‘v2'22'02°81°91 »1"°




"BI'1 2In3ty4

*pPONUTIUO)

VIND DIRECTION(DEG)
111 1111 0

WIND VELOCITY(M/SEC
1 1 4 'R 20.

RELATIVE HumIDITY (070}

180, 360.

0, 40, 80, 120 160 200,
TEMP (DEGREES (!
4 [ 20 40 (V.
N
ot
Re
h -]
>
RS
- bt o o W &
oy -
[
o
38
P
8
N
~
t 1
{ 1
t t
SOLAR, CAL/SG (M/MIN
11t 11t 11t -5 .0 ) 1.8 15 .. 20

BSCAT!:-4M-11,155¢
Le. .15 .20 258 3.0 38 40 49 9

S

330 AVH 9L°‘S 43S

¢

‘P222°02° 013 rL210L0 9 Y 2 0=

330 AYH 9L ‘2 438

9L'2 43S

¥2'22°02°81 31 'YL °21°01°0 9 ‘Y 2
4
::\\\\\“\;}
¢
T
v

dluLs700

WIND DIRECTIONIDEG)

1318 1388 0, 180, _3¢0.
WIND VELOCITY(M/SEC)
1 14 [ 10, 20
RELATIVE HUMIDITY(0/0!
'R 40, a0, 120, 160, 200,
TEMP (DEGREES ()
- q 20 40 [N 0.

g

SCLAR, CAL/SG CM/MIN
1t 11t 10 -5 4.8 5 1.0 1.5 2.0

BSCAT!i[-4M-1:, 1550

# N TN TN TR N TN A 0
o

>

"

bad

;3r b PO =2
-

-

-

P

ég

"

~



0T

‘BT 2a1ndt4

*ponuUIIUO)

WIND DIRECTION(DEG)

" 1181 'R 180 3890.
WIND VELOCITY(M/SEC)
1" 13t 'R g 20.
RELATIVE HUMIDITY(0/0)
' 40, 80 120 160 200.
TEMP {DEGREES ()
: N 4| 49 0.
n
.h S
Qﬂ
a®
3=
~
g5
3 @
e
S
8
[ ——
»~
{ )
1 1
{ )
t 1
SOLAR, CAL/SG CM/MIN
1t 1t 111 -5 §.0 ) 1.0 1.5 2.9
BSCAT[10-4M-1), 1550
4.8 e 1.0 1.§ 2.0 2%8. .31 3°. .44 .43 0
ad
e
ne
hJ
"
s
£
3
&
-

'y2 e 02 813 vl

WIND DIRECTIONI(DEG!

1 1188 0, 180, . 360,
WIND VELOCITY(M/SEC)
1y 1y '8 18, 298.
RELATIVE HUMIDITY(0/0)
0, 49 80, 120, 160, 200
TEMP (DEGREES ()
: D 20 44 (4] 0.
. :ij__jf*
L ?
g —
- ®
Se
N
o — -
[ )
27
3
e
S
8
N
»
( )
L %
{ ]
' 1
SOLAR, CAL/SQ CHM/MIN
1"t 1t 118 -5 20 35, I 1.5 2.0
BSCAT(15-4M-1},1550
A c 1.0 1.8 202 26 50 38 40 45 5.0
~
>
an
h-J
-
s
.
<~
- -
en
s -
me
2
8
~
>




.  WIND DIRECTION(DEG)

1181 1111 0, 180, 380.
= WIND VELOCITY(M/SEC)
0q 1 111 Q. 14, 29.
c
o RELATIVE HUMIDITY(0/0)
0, 40, 80, 120, 169, 200.
e
;_J TEHP (DEGREES ()
» 4 2 20 4 60 0.
»
(@] »
§§ .
(2]
+ ’5 .,
- €
= o A
;s
o, »
35
S=
S
8
~n
>
l._l
i_.\
{ )
1 1
( )
1
SOLAR, CAL/SG CM/MIN
1 I - 5 9.0 .5 1.0 1.5 2.0
BSCAT(12-4M-1), 1550
4.0 L. 1.5..20..25. .30 35 40 45 5¢
~
-
ae
° 4
a®
—o
FE
~
!
=< .

33n0)

‘p222 028191

L'9 43S

d1¥1§70)

33N0) AYH  9L°9 43§

‘7g-2202°91°91 v’

WIND DIRECTIONI(DEG!

11t 1118 b 180, 369.
WIND VELOCITY(M/SEC)
111 11 0. 1. 20.
RELATIVE HUMIDITY(0/0)
'R 40, 80, 120, 160, 200,
TEMP (DEGREES C)
- ] 20, 40 60, 0.
»
»
(4
o
5
=
"
®
S
R
N
-
{ )
| 4
{ ]
1 1
SOLAR, CAL/SG CM/MIN
1"t 11t - 5 N .5 1.0 1.5 2.0
BSCAT{10-4M-11, 1550
4 Lg..l.5..2.8..29. .3.8..35, 40, 45 579
~
-
4
®




VIND DIRECTION(DEG)

VIND DIRECTION(DEG)

- » - o. - vj' v\, .
2 o~ -~ o) o "
g J o] = &
o '.f - ’-L ~ o~
p— e
s 4 = [ R (R =
2158 °4 3 Bt B 1
£ R -""\»\N =4 -} S
rl1s] ¥ =]l 5] =
— el =y =3 o~
IR RE: I1Is
- — L= o> r
@ led ts Tel To &
g | £ =7 2327 3
5@ 1 212 3
» g — had
= =
- - - p w uy
b~ b 1 1 o .
= 3 M
- : ) - o c-. -
- - . 2. 4. 6. 8.10.12.14.16.18.20.22.24. = = ~0. 2. 4 . 8.10.12.14.16.18.20 22.24.
MAY 20,77 COLSTRIP MAY 20,77 HAY COVLEE
- . L -3 w wy .
2 ~ & - - ~& o~ b~
| l <
<> L) -1 >
] 3 b~ o) o
= =
i 2o G wwl 1
~ > o - -1 - 1 =
= — w - - o
-~ — w — —~ o
{EEY 8 Tt v, =137 s
B i B | s ] =< 1
A x a &> o T .
v wal &4 W—Nv\ Tol Te ¥
o =X IR 1 SR G
= - (W] (&)
- -
I R - B v
2 \\_{
S R I D R
- - M. 2 4 ¢ 0.10.12. 14, 16, 18. 20. 22, 24. e = ~0. 2. 4. 6. 8.10,12.14.16.10.20.22.24.

Figure 1.1b.

MAY 21,77 COLSTRIP MAY 21,77 HAY COWLEE

Continuously measured parameters at Hay Coulee, May 20 -
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1, 2, 3, and 4 respectively. The horizontal scale refers

to Mountain Daylight Time.
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Figure 1.l1c.
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evidence shows that there was no connection with the power plant plume? The
unusually high incidence of Cl in the spherical particles is also puzzling,
but may be indicative of some source other than the coal-burning power plant.

The May 27 Ground #3 sample was collected during the fumigation; spheri-
cal and irregularly-shaped particles appear in equal numbers. The elemental
composition of the non-spherical particles is typical of natural aerosols
collected at Hay Coulee. Almost all of the spherical particles contain S,
in fact, some 60 percent contain nothing but S (considering detection only
for Na and heavier elements). It is obvious in this sample, and apparent
to a lesser degree in all the other examples shown here, that almost all of
the spherical particles are found in the smallest size range.

Unexpected information was provided by SEM-EDX analysis of the May 29
samples. Both of the ground samples were almost identical to the Hay Coulee
fumigation sample of May 27, i.e., approximately half of the particles were
spherical, were in the smallest size range, and of these, on the order of
60 percent contained S. Subsequent examination of the instrumental record
disclosed no obvious indication of plume fumigation, but the wind direction
was northwesterly, although variable, and the AN concentration did exceed
1.2 X 10%cm™3 in sporadic' episodes during the day.

The May 29 Air #1 sample was collected in the plume about 1.6 kilometers
from the power plant. Here, two-thirds of the particles were spherical, with
a larger average diameter than for the spherical particles collected at
greater distances from the power plant. Almost all the spherical particles
contained both Si and Ca, with only about half containing S. The striking
difference of elemental composition of spherical particles collected at 1.6
kilometers downwind as compared with that at a distance of 12 kilometers
leads one to surmise that the particles that were in the plume at the shorter
distance had all settled out by the time (one to three hours) that part of
the plume reached Hay Coulee, and that these glassy mineral spheres had been
replaced by H9SO4 or (NH4)2SO,4 particles that were the result of SOziox%da—
tion, with subsequent gas-to-particle transformation. This hypothesis is
supported by airborne measurements. Two examples can be cited at present:

(1) On August 27, 1977, between 0925 and 1035 MDT, measgrements mad? in
the plume (Figure 1.4) showed by far the greatest amount of light scattering
at the shortest distance downwind. bgcat at greater distances was much less,
with an indication of further decline with increasing distance. A less
notable maximum followed by reduction of concentration with distanc? was
measured for NO and NOp. However, measurements of AN showed much hlghgr
(as much as an order of magnitude) concentrations at the greater downwind

distances.

(2) On September 1, 1977, plume measurements were done to a.distance
of 50 kilometers downwind (near Ashland, Montana). AN concentratl?ns were
similar, at this distance, to concentrations m?asured at §horter distances,
with the consequent requirement for the formation of part%cles to cogpensate
for dilution as the plume expanded. We estimate the partlclg formation rate
at 101lsec~1l in the plume, on the basis of the AN concentratlo? meaéurements
and attempts to measure width and depth of the plume. Plume dimension
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measurements are very difficult at any distance greater than 15 kilometers
because the plume becomes very patchy, and is also nearly invisible; it is
detectable only by means of particle and gas measuring instruments.,
the imprecise nature of this estimate must be appreciated. This rate of

particle formation is several orders of magnitude lower than that found in

the smoke plume from the Four Corners power plant in northwest New Mexico
(Pueschel and Van Valin, 1978).

Hence,

The unexpected finding of plume particles in the Hay Coulee filter
sample on May 29, 1977 prompted us to make a retrospective examination of
the continuous AN concentration record of the last measurement period for
evidence of plume exposure at Hay Coulee. Table 1.1 is a compilation of the
pertinent information. We have listed all times when the AN concentration
increased to at least double the level before and after. Episodes that, in
our judgment, represented plume exposure are indicated by a "P" in the left-
hand column. Any examples of steady AN concentration readings were inter-
preted as being due to natural causes not related to the plume; this kind
of variation in AN concentration is common. Plume exposure was judged to
have occurred when changes were large in comparison to the background, were
abrupt, and were individually of short duration. On this basis, Hay Coulee
seems to have experienced plume exposure 21 different times for a total of
about 30 hours out of 340 hours of observation from 1300 MDT, August 20 to
1700 MDT, September 3, 1977. CCN and IN concentrations and bscat are also
listed in Table 1.1 whenever measurements were taken during an episode of
elevated AN concentration; in addition, for comparison we have included many
examﬁles of CCN, IN, and bg.s+ levels when the AN concentrations were normal
background. CCN levels seem not to be correlated with AN, but IN measure-
ments with the continuously operating acoustic counter show IN concentrations
to be five times or more above normal levels when plume parcels were present.
The IN concentration by the filter method was much less correlated to plume
presence; this method utilizes an integrated sample collected for one hour,
and may be poorly suited to the short-lived episodes of exposure that occur
at Hay Coulee. Also, these two methods of IN measurements respond to
different mechanisms of ice crystal formation. While the predominant
response to the acoustic counter is to contact nucleation, the nucleation
and growth process of ice crystals on the filter is determined by the
deposition or condensation-followed-by-freezing mechanisms. Which of t?ege
two mechanisms predominates on the filters depends upon the water ?Olublllty
of the IN and upon the super—saturation with respect to water within the
thermal diffusion chamber where the filters were developed.

Figure 1.5a shows the record of AN and CCN concentrations at Hay Coulee
on August 23, 1977, during an unmistakable plume strike from 0828 to O§45
MDT, a lesser exposure from about 1000 to 1010 MDT, and for the following
time beginning at 1040 MDT, when there was no plume exposure, but the AN
concentration reached a maximum of 2.8 X 104cm=3. During exposure, th? AN
concentration reached 4.8 X 104cm'3, the IN was offscale on the high side,
and the patchy nature of the plume is indicated by the fact that, betwe;g
pulses, the AN concentration fell almost to normal background levels.. igure
1.5b shows the record of AN measurements made with the instrumented aircraft
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Table 1.1. AEROSOL PARAMETERS MLCASURED AT lIAY COULEE SITE, 20 AUGUST to 3 SEPTEMBER, 1977.

Wind IN IN
Elevated AN Direc~ Velo- Other, AN b CCN Filter Method Acoustic
AN Concen. Max. Concen. Character of tion city Time of Avg. Concen. scat No. of Average No. of Concen. Concen.
Date Begin End (X 103cm~3) AN Elevation msec”] Measurements (X 103cm-1) (X 10~4m~1) Meas. (cm™3) Meas. (-1 (9]
P 8-20 2100 2400 6.8 Intermittent calm
8-21 0000 0630 7.8 Continuous, calm
steady, gradu-
ally declining
8-21 0855-1025 2.2 1 3.1
P 8-21 1200 1700 24.0 Continuous, lg. N 3 5 602 £ 295 2 2.3 >10
variation
8-21 2240 2400 4.1 Continuous, calm
variable
8-22 0000 0200 7.3 Continuous, calm
steady, declin-
ing gradually
8-22 0345 0430 5.0 Continuous, steady calm
8-22 NNE 4 0622-1110 1.9 4 472 £ 258 2 10.3
P 8-22 1406 1515 20.0 Continuous, N 3 4 577 £ 231 1 7.8
several pulses
P 8-22 2107 2230 10.0 Continuous, sev- calm
eral pulses first
P 8-23 0828 0854 48.0 Many strong pulses NW 2 2 1260 1 5.5 >10
P 8-23 1000 1010 10.0 Weak pulses N 3
8-23 1040 1900 28.0 Continuous, steady N,NE 3 14 1130 t 494 2 5.4
8-24 0800 0900 8.0 Gradual rise & SW 2 2 525
fall
8-24 1010-~1155 2,6 4 578 + 372
8-24 1820 2120 7.8 Continuous, steady NW <2 4 385 £ 305 1 8.6
8-25 0020 0120 5.1 Continuous, steady NNW 7
P 8-25 0636 0639 8.8 Weak pulses WNW 3 1 1.6
P 8-25 0810 0900 8.5 Continuous, N 6 2 490
variable
F 8-25 1009 1047 10.0 Continuous, NNW 4 2 460
variable
8-25 1058 1730 46.0 Continuous, variable 5 434 + 264 2 6.6 4.0
variable, thun- gusty
derstorm @ 1730
8-26 0000 0940 8.0 Continuous, steady 1t & variable 3 1190 1 3.8
8-26 1000-2400 2-3 1 2.7
8-27 1235-1445 2.0 .6 6 338 + 205
P 8-27 1500 1530 4.4 Continuous, WNW 3 .48 2 840

variable
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Table 1.1. Continued.
Wind IN ]
Elevated - AN Direc~ Velo- Other, AN CCN Filter Method Acoustic
AN Concen. Max. Concen. Character of tion city Time of Avg. Concen. scat No. of Average No. of Concen. Concen.
Date Begin End (X 103cm™3) AN Elevation msec™l  Measurements (X 103cm—1l) (X 107%m™1) Meas. (ecm—3) Meas. ) D)
8-27 1653 1725 5.3 Continuous, N 6(G18) .48
8-27 variable 1800-2000 1.0 47
8-27 2230 2300 7.6 Continuous, W <2 .45
8-28 variable 0200-0600 1.5 .50
8-28 0805-1145 .51 18 560 £ 206
8-28 1310 1500 10.0 Continuous, 1t. & variable .65 2 500 1 5.3
steady
8-28 1800-2400 2,0 .51
8-29 1300<1600 .60 4 525 £ 185
8-29 1605 1830 15.0 Continuous, NNW 4 .65 6 1162 + 379 1 3.5 10
variable
8-29 1830 2300 10.0 Continuous, 1t. & variable .52
steady ’
8-30 02000600 1. .50
8-30 0825+«1720 .0 .55 14 535 + 304
8-30 1840 1905 8.0 Intermittent NW 10 .55 2 1470
8-30 2030 2120 6. Intermittent NNW 8 .55
8-31 0400-0600 1.8 .51
8-31 0720+1445 .57 12 478 + 191 2 10.4
8-31 1530 1655 6.0 Intermittent NW 3 .58 2 810 10
9-1 0200-0400 0.8 .55
9-1 1000 1057 6.4 Continuous, NW 4 .58 2 600 >10
variable
9-1 1113 1234 11.1 Continuous, NNW 6 .55 2 910 >10
variable
- 1448 1830 6. Intermittent NNW 4 .58 6 630 + 153 1 4.6 >10
- 2200 2400 6.9 Continuous, steady lt & variable .65
9-2 0000 0600 7. Continuous, steady, calm .75
ground fog
-2 0720+-1210 2~ .60 2 770 2 4.7
- 0000-0600 1. .62
- 1043 1200 19.2 Continuous, NNW <2 .70 1 9.7
variable
9-3 1300 1445 15.0 Continuous, NNW <2 .65

variable
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during the time of the Hay Coulee plume exposure.
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over Hay Coulee, both within and outside of the plume. These measurements

are entirely consistent with, and supportive of, the measurements at the
mobile laboratory in Hay Coulee.

Remote Sensing Laboratory

Measurements from Hay Coulee

The ground-based and airborne atmospheric characterization laboratories
were supported by the remote sensing laboratory as described in the Third
Interim Report (Abshire et al., 1978). The laser radar (lidar) system
measured optical backscatter coefficients throughout a hemispherical volume
of three-kilometer radius. A complete set of measurements was recorded every
hour on the hour; continuously whenever the aircraft was in the area; and at
any other time there was an indication of plume activity. The effluent
directly above the power plant was also probed from Hay Coulee, but the most
interesting periods--before the daily breakup of the temperature inversion--
were generally unavailable due to the intervention of a ridge into the line
of sight between Hay Coulee and Colstrip. Average backscatter values within
the lowest 500 meters are shown for each day in Table 1.2. Above 500 meters,
backscatter values approaching clear air molecular scattering were usually
obtained. Backscatter values frequently doubled in a series of short epi-
sodes indicating a plume strike or close approach, but there were seldom
periods of prolonged high backscatter.

The lidar was usually operated in a dual polarization mode which allowed
it to separate the backscatter of spherical particles, such as found in the
power plant plume, from irregular particles, such as found in strip mine
dust. The system was operated in a dual wavelength mode at 0.6943 um and
at 0.3472 um, on September 3, 1977. Comparison on simultaneous backscatter
values at the two wavelengths contains information regarding particulate
size distribution, which is important in the determination of fallout rates.
Reduction of the dual wavelength data was not completed in time to be
included in this report.

The acoustic sounder was operated continuously during each observation
period, providing a record of the existence and height of the temperature
inversion. The usual pattern was observed with an inversion forming about
midnight and breaking up during the mid-morning hours. Occasionally surface
cooling from rain showers would cause the inversion layer to form b?fore
sundown and persist through the night into the next morning. The'tlmes
during which a temperature inversion was detected are also shown in Table
1.2,

All of the solar photometry described in the Third Int?rim'Report
(Abshire et al., 1978) was continued. 1In 1976, the following instruments
were added:

(a) An infrared pyrheliometer with bandwidth 8-12 um.

(b) An eight-channel photometer with channels each 0.0l um wide and
centered at 0.305, 0.317, 0.338, 0.382, 0.501, 0.875, 0.914, and 1.062 um.
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SUMMARY OF 1977 REMOTE SENSING DATA

Table 1.2.

Day Date
141 May 21
142 May 22
143 May 23
144 May 24
145 May 25
146 May 26
147 May 27
149 May 29
150 May 30
151 May 31
152 June 1
153 June 2
154 June 3
155 June 4
232 Aug. 20
233 Aug. 21
234 Aug. 22
235 Aug. 23
236 Aug. 24
239 Aug. 27
240 Aug. 28
241 Aug. 29
242 Aug. 30
243 Aug. 31
244 Sep. 1
245 Sep. 2
246 Sep. 3
247 Sep. 4

Average Daily Temperature
Optical Backscatter Inversion Times
in lowest 500 m Morning Evening
(m~lster-1) Breakup Formation
5.7 X 10:; 0900 MST 2200 MST
5.6 X lO_7 0830 2100
4.1 X lO__7 1100 2300
5.8 X lO_7 1000 2200
6.4 X lO__7 1400 1830
4.0 X lO__7 0900 1730
3.0 X lO_7 0830 2200
3.8 X lO_7 0900 2400
3.2 X lO_7 1000 2200
3.2 X lO__7 1030 2100
4.2 X lO_7 1130 2230
6.4 X lO_6 0930 2400
1.3 X lO_7 0900 2300
4.2 X 10 0930 None
5.3 X 10:; 0930 0100%*
6.6 X lO_7 0900 2200
6.4 X lO_7 1100 1830
5.2 X lO_7 0900 2000
4.7 X lO_7 1030 0100%*
3.6 X 10_7 0600 1700
3.3 X 10_7 No Inversion
4.7 X lO_7 No Inversion
3.2 X lO_7 0900 2130
3.3 X lO__7 No Inversion
3.6 X lO_7 0930 0130%*
4.2 X 10_7 0930 2100
4.0 X lO_7 1130 None
6.8 X 10 No Data
* Next Day
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Figure 1.6 shows a plot of optical depth derived from the 8~12 um infrared
photometer. Kncwledge of infrared optical depth, combined with measurements
at visible wavelengths, contains information relating to scattering charac-

teristics of clouds and aerosols and permits estimation of heat loss by
infrared radiation from the ground.

The wavelength bands of the eight-channel photometer were chosen to
provide data on the total water vapor in the sun-instrument path, (0.941
and 0.875 um), total ozone content (0.305, 0.317, and 0.338 um) and the size

distribution of aerosol particles in the path (0.338, 0.382, 0.501, 0.875,
and 1.062 um).

An instrument which measures the angular distribution of radiation at
angles up to eight degrees from the sun was added in the spring of 1977.
The shape of the intensity variation as a function of angular distance from
the sun's center (solar aureole variation), varies with the size of scatter-
ing particles in the sun-instrument path. Thus, measurement of this angular
variation can be used to deduce the size distribution of aerosols, including
cloud particles for at least thin clouds. Figure 1.7 shows plots of the
angular scattering function under a variety of conditions. The results
obtained for the aerosol size distribution from the multi-wavelength photo-

meter measurements are directly related to those obtained from solar aureole
measurements.

Theory indicates that solar aureole measurement should work best to
determine size distributions of larger particles (e,g., >0.5 um), while
multi-wavelength photometric measurements may be the best method of deter-
mining size distributions of smaller particles (e.g., <2 pm). The two
methods are therefore likely to complement one another and should give
results that are in agreement in the region of overlap.

Photographic records of sky conditions using wide-angle time-lapse
photography have been obtained for each of the Colstrip experiments beginning
with Spring 1976. This photographic record has proven extremely valuable
in the determination of cloud types, geometry, and motions, oOrT the presence
of dust, smoke or any other conditions which might affect the observations.

Clouds are mainly composed of larger particles, either water droplets
or ice crystals. They generally affect the infrared radiation more than
the visible wavelengths. Thin clouds, such as cirrus, and wh%te bro%en'
cumulus do not result in significant reduction in total incoming radlétlon
when averaged over time (say, an hour) because scattering and reflection
compensate for the reduction in the direct component. A comple?ely gvercast
sky with the sun's disc not discernible usually results in the incoming
radiation being in the range of 15 percent to 25 percent for a clear day.

Only very preliminary analysis has been done on the 1977 spring and fall
Colstrip solar photometry data. If these data are analyzed a?d compa?ed to
the 1975 and 1976 data, it should be possible to determine quite precisely
the effects of the Colstrip power plant and the mining oPeratlons on the in-
coming solar spectrum. (Particular emphasis should be given to the 1977
fall data which were taken from the butte, nearer the power plant.)
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Measurements from the Butte

For the second week of the fall 1977 period, the lidar system was moved
from Hay Coulee to the top of a butte four kilometers southeast of the power
plant (the Battelle No. 1 site). All of the previous remote sensing measure-
ments were continued. In addition, from this vantage point, it was possible
to track the plume as far as ten kilometers downwind each morning before the
temperature inversion broke up. Data were recorded tracking both the plume
and dust from the strip mines, using the polarization signatures of the two
to separate them. Figure 1.8 is an example of the polarization signatures
from both the plume and strip mine dust. This was recorded while helping the
Battelle helicopter avoid the area of dust (which was invisible to the eye)
while it was flying in and out of the power plant plume.

Two scan geometries were employed when tracking the plume from this
site. In the "horizontal scan' mode, the lidar was scanned horizontally from
the power plant downwind, with the elevation angle adjusted slightly to keep
the system pointing at the center of the plume. This mode allowed the recon-
struction of a horizontal backscatter profile and could be completed in
roughly ten minutes. In the ''vertical slice' mode, the system was scanned
vertically up or down through the plume at a fixed azimuth angle, generating
a vertical profile of the plume at that azimuth. The telescope was then
moved five degrees and another vertical slice recorded, and so on. This
technique required more time (approximately 45 minutes) to complete a scan,
but produced vertical, as well as horizontal, information.

Since these were new types of information for us, the computer data
reduction programs required had not been written and are still being devel-
oped. Some results of these scans have emerged and, although preliminary in
nature, are very informative. Figure 1.9 shows a data set using the verti-
cal slice mode. At the top is a plan view showing the relative positions of
several vertical slices. The backscatter profiles of each vertical slice
were projected onto a plane at an azimuth of 30 degrees, roughly normal to
the prevailing wind. It is these profiles which are displayed in the lower
portion of the figure. The range of backscatter coefficients in each pro-
file is subdivided into thirds by the profile contours. Each profile is
constructed to the same scale, with the vertical being magnified five times
relative to the horizontal to bring out more vertical detail. This data
set was recorded at 0730, September 3, 1977, with the plume trapped in
stable air under a temperature inversion. The horizontal diffusion of the
plume as it proceeds downwind is apparent. The 330-degree and 340-degree
profiles suggest the separation of a section from the lower portion of the
plume and the fallout of heavier particles. This is being investigated
through the dual wavelength backscatter coefficients. The last four,
especially the 80-degree profile, show the plume to be non-uniform in
sections, even six kilometers downwind from the stack. This propagation of
the plume in relatively small, but dense parcels support similar observa-
tions from the atmospheric characterization aircraft and ground station.

This highly preliminary analysis of the plume tracking data provides

convincing evidence of the importance of the technique to understanding
diffusion processes under the stable boundary layer.
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CONCLUSIONS
The most important findings of this report are as follows:

(1) The aerosol in the vicinity of Hay Coulee may be classified into
two main types of particles; (a) a man-made aerosol that consists of small
spherical particles (dominating the 0.1 ym < D < 0.4 um size range, <.e.,
the smallest size range included in this study) composed mostly of S (plus
0, N, or H) or of Cl1 compounds, and (b) a natural aerosol consisting of non-
spherical particles that are mostly alumino-silicates with significant
occurrences of the metallic elements, and which occur most frequently in
the 0.6 - 1.0 ym diameter size range.

(2) Correlation of the aerosol measurements with existing meteorologi-
cal conditions suggests that the Colstrip power plant is a sufficient, but
not exclusive, condition for the existence of a man-made aerosol at Hay
Coulee.

(3) Two types of particles exist in the power plant plume. At short
distances from the plant, the particles are relatively large (optically
significant), glassy, alumino-silicate spheres, with significant incidence
of Ca and S. At large distances the sub-optical S-containing aerosol pre-
dominates; this small aerosol is apparently the result of a gas-to-particle
conversion process.

(4) During the last observational period (20 August to 3 September
1977), Hay Coulee was exposed to plume parcels for about ten percent of the
time. During the exposure periods, the concentration of pollutants varied
abruptly and frequently approached background levels. These exposures .
result in the dry deposition of gases and aerosol that is potentially sig-
nificant to the ecosystem.

(5) The power plant effluents increase the IN concentration, as
measured by the acoustic IN counter, by an order of magnitude. .Tﬁls @as
possible consequences in the formation and distribution of precipitation.

(6) The plume, as tracked by the lidar, shows evidegce of breaking
up into inhomogeneous parcels within six kilometers from.lts source, even
in a stable atmosphere. This is supported by the sporadic nature of.each
plume strike at Hay Coulee and by the in-plume measurements of the aircraft.

(7) The lidar, operating from a suitable vantage point and in conjunc-

tion with an aircraft equipped to measure particle si%e distributloné, can
probe the volume of the plume in high spatial resolution up to ten kilometers
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from its source when inversion trapping is dominant. Such data can lead to
an understanding of site-specific diffusion processes, the identification of
local "hot-spots', and the construction of particle fallout maps.
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SECTION 2

BASELINE CHARACTERISTICS OF PRODUCER AND INVERTEBRATE
POPULATIONS AND CERTAIN ABIOTIC PARAMETERS IN
THE COLSTRIP VICINITY

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

ABSTRACT

Presented in this section is a culmination of
the various facets of the studies conducted on the four
field sites near the Colstrip power plant. A majority
of the data has been reported in previous interim
reports and is not repeated here. Presented here are
some physical and chemical properties of the soils of
the four sites; some recently developed data on
herbage and litter dynamics and plant phenology, the
chemical composition of the major plant species and
their variation among sites, and finally a summariza-
tion of the arthropod population censusing done in
1974 and 1975. The principal objective of this por-
tion of the overall coal-fired power plant project was
to establish a set of baseline data prior to the
introduction of air pollutants from the Colstrip power
plant. The data presented here and in previous reports
provide ecosystem level baseline data on the four field
sites in hopes that future comparisons can be made
after extended periods of pollutant exposure. A
majority of the data indicates a good homogeneity among
the four field plots with occasional variation in
specific components such as certain plant or arthropod
species being present in greater densities at one or

more sites.
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INTRODUCTION

Most of the information characterizing baseline conditions of the
Colstrip study sites has been reported in the Third Interim Report (Lauenroth
et al., 1978). The purpose of this section is to report information that was
not available at the time the earlier report was prepared. This section does
not repeat information in detail, but does make reference to it. New infor-
mation being reported is largely on abiotic and invertebrate characteristics.

SOIL AND TEMPORAL DYNAMICS OF SOIL WATER AND PRECIPITATION
Soils

Soils of the Colstrip sites have been described in a previous interim
report (Lauenroth et al., 1978). The soils of the areas are of three
series--Kobar clay loam, Lonna loam, and Yamac silt loam and differ among the
four study sites. Physical and chemical characteristics of the soils have
been determined through analyses of samples taken from pits excavated on each
study site (Appendix Tables 2.1-2.4).

Soil Water and Precipitation

Seasonal dynamics of soil water and growing season precipitation were
monitored for the Colstrip sites in 1975 but not in 1974 and were reported in
a previous interim report (Lauenroth et al., 197 ). Soil water monitoring
was discontinued in 1976 and precipitation for 1976 are reported in Appendix

Table 2.5.

PRODUCERS AND PRIMARY PRODUCTION

Herbage and Litter Biomass Dynamics and Plant Phenology

Aboveground biomass dynamics for 1974 and 1975 were reported in the
third interim report (Lauenroth et ql., 1978) and are not repeated in this
report. Seasonal biomass dynamics were not monitored during 1976 and 1977.
Sampling of herbage components for the Colstrip study sites was limited to
one sample date in 1976 and in 1977. The single sample date was chosen to
coincide with the peak of live standing crop by examination of the 1974 and
1975 data. Data from the single harvest date are discussed in connection
with net primary production estimates for the sites (see section entitled
Colstrip Sites Net Primary Production).

Crown and belowground biomass dynamics for the four Colstrip sites were
determined in 1974 and 1975, and belowground biomass was determined for one
date in 1977. The estimates of crown biomass are quite variable but do
indicate an overall similarity in mean standing crop among the four study
sites (Table 2.1). Significant temporal changes in crown biomass are not
apparent.
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* -
TABLE 2.1. CROWN BIOMASS DYNAMICS, COLSTRIP STUDY SITES, 1974-1975 (G * M 2 ASH FREE)

Hay Coulee Kluver West Kluver East Kluver North
Date X SE 4 SE X SE b SE

11 May 1974 70.5 19.6 76.4 20.3 53.8 10.5 41.6 6.4
11 June 1974 72,6 20.5 56.0 11.1 58.0 18.3 30.9 6.7
29 June 1974 77.4 14.2 60.4 12.3 53.5 17.2 55.5 14,1
27 July 1974 29.7 3.8 55.0 14.4 39.2 7.6 35.4 3.9
16 August 1974 12.9 4.5 25.2 7.5 30.1 11.6 10.5 1.6
26 September 1974 68.4 14.6 77.3 14.8 87.1 10.3 43.6 6.7
20 April 1975 59.5 10.1 189.5 26.5 45.6 9.8 47.6 15.4
17 May 1975 88.2 l16.1 59.0 14.6 67.3 16.3
23 June 1975 41.6 6.2 47.6 10.1 50.5 11.6 29.1 4.1
15 July 1975 64.5 12.2 85.9 26.0 58.7 15.1 47.8 13.3
11 August 1975 49.2 20.1 99.9 44,1 70.8 24.9 43.2 14.5
17 September 1975 90.0 24.5 99.2 13.2 1060.6 34.2

xCrown data were not collected in 1976 and 1977.



Belowground biomass dynamics were based on measurements of plant parts
(roots and rhizomes) in the surface 10 cm of the soil profile (Table 2.2).
Previous analyses indicated that this layer includes about 50% of total
belowground plant biomass (Lauenroth et al., 1978). Belowground biomass
estimates ranged from <400 to >600 g *+ m 2 over the four study sites, but
consistent differences among study sites were not apparent. A seasonal trend
of decreasing biomass from early spring and summer to late summer was found
for nearly all sites in both years. The belowground biomass data utilized
here include both live and dead material. Therefore, seasonal dynamics do
not necessarily reflect live dynamics, but rather reflect the balance between
additions through growth and losses through decomposition.

Litter dynamics were similar across the study sites (Table 2.3).
Although within-season dynamics are inconsistent among years and treatments,
all four sites have about the same amount of litter standing crop. There
also appears to be a general increase in litter standing crop from 1974 to
1977 on all sites except Hay Coulee.

Colstrip Sites Net Primary Production

Estimates of net primary production for the Colstrip Site from 1974
through 1977 were obtained by summing the peak standing crops of current
years production for each of the five functional groups (Table 2.4). 1In
1976 and 1977, the sites were clipped only once, on dates that we believed
corresponded fairly well to the occurrence of peak aboveground standing crop.
These data are difficult to analyze due to the occurrence of extreme increases
in grasshopper populations on some of the sites in some of the years. The
area most affected was the Kluver West site from 1975 through 1977, although
Kluver North was also affected. The precipitation in this area varied sig-
nificantly over the years (much lower in 1977 than in 1974, 1975, or 1976),
further complicating the pattern of net primary production. Tke cool season
grasses group was the major component of total net production in each year on
all study sites. The grasshopper and precipitation fluctuations make it
impossible to draw any conclusions about the short-term effects of power
plant emissions on net primary production.

Chemical Composition of Major Plant Species

During the field sampling periods in 1974 and 1975 subsamples of all
plant materials that were harvested in the production studies were prepared
for chemical analysis. These samples were dried, ground, and stored in
plastic vials in a constant temperature (=23°C) room at the Natural Resource
Ecology Laboratory.

Routine analyses for dry matter, ash, nitrogen, phosphorus, and total
sulfur were made on the major species within 6 months of collection. The
remainder of the plant materials in the tissue bank will be preserved for
future reference. Although many of the chemical constituents will change
with storage time, some will not. The bank should prove valuable in future
studies designed to compare baseline chemical characteristics with chemical
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TABLE 2.2. BELOWGROUND BIOMASS DYNAMICS* (0-10 cM, G - M~2 ASH FREE)
Hay Coulee Kluver West Kluver North Kluver East

Date X SE X SE X SE X SE
11 May 1974 576.6 42,0 555.6 41.5 472.7 57.2 425.4 33.6
11 June 1974 411.2 35.8 425.5 32.8 467.1 61.9 442.,2 36.2
29 June 1974 468.3 21.9 485.6 27.8 492.2 43.7 493.7 22.4
27 July 1974 403.8 39.4 563.6 65.4 459.6 25.6 427.6 18.1
16 August 1974 395.5 34.7 412.0 37.8 484.7 63.8 433.2 21.0
26 September 1974 439.6 41.1 419.8 34.4 351.3 63.8 333.0 19.6
20 April 1975 428.4 54.1 611.8 46.3 642.5 53.5 439.7 35.6
17 May 1975 548.9 25.8 529.3 64.5 570.8 77.2
23 June 1975 549.7 76.8 512.2 50.0 588.3 95.8 461.4 33.3
15 July 1975 470.1 35.6 452.8 43.7 447.9 39.3 424,7 23.7
11 August 1975 385.6 58.2 359.4 35.9 378.4 35.7 371.1 19.2
17 September 1975 318.0 23.7 491.5 25.3 505.9 90.5
18 July 1977 419.3 38.4 459.8 39.2 491.5 29.6 473.1 31.3
*

Belowground biomass data were not collected in 1976.
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TABLE 2.3. LITTER STANDING CROP (X * SE, ASH FREE G - M~ ?)

Hay Coulee Kluver West Kluver North Kluver East
Date X SE X SE X SE X SE
11 May 1974 161 17 177 13 234 21 158 16
11 June 1974 172 11 175 12 157 22 154 12
29 June 1974 201 13 183 6 169 15 171 19
26 July 1974 172 12 140 12 171 18 161 18
16 August 1974 128 12 139 19 198 10 153 18
26 September 1974 192 15 167 13 230 24 148 13
X 171 163 193 157
22 April 1975 162 10 193 22 144 17
18 May 1975 170 14 159 9 205 19
20 June 1975 179 11 166 20 163 16 157 19
15 July 1975 154 15 160 10 218 32 152 14
11 August 1975 231 26 207 15 277 33 204 16
16 September 1975 218 18 191 14 189 16 206 39
X 186 177 207 144
29 June 1976 181 16 195 18 235 15 200 13

18 July 1977 227 14 313 14 313 14 310 18




%
TABLE 2.4. PEAK STANDING CROPS

Functional
groups Hay Coulee Kluver West Kluver North Kluver East
Cool season
grasses
1974 67.8 £ 5.8 103.2 + 8.2 57.6 £ 5.1 60.8 £ 3.4
1975 94.5 +* 6.9 106.3 * 10.7 73.6 * 5.8 91.8 + 5.7
1976 75.5 = 4.1 55.6 * 6.9 70.7 £ 6.0 95.1 + 5.8
1977 36.2 £ 2.3 33.5 + 2.3 22.5 + 2.1 32.9 + 3.7
Warm season
grasses
1974 16.4 = 4.1 4.1 £+ 1.6 14.1 + 3.2 6.1 =+ 2.6
1975 14,5 £ 3.4 9.6 + 2.1 7.3 £ 3.5 8.5+ 5.1
1976 14.9 £ 2.6 2.9 £ 1.2 6.6 £ 2.1 2.1 + 1.0
1977 4,8 £ 1.5 1.7 £+ 1.0 1.9 + 0.8 1.3 £+ 0.8
Cool season
forbs
1974 10.5 = 2.3 9.3 = 2.1 14.0 = 1.2 9.0 = 3.8
1975 15.3 £ 2.4 14.7 £ 4.3 25.8 = 2.2 12.1 + 2.9
1976 18.2 + 2.6 10.2 £+ 1.9 32.0 £ 2.4 14.0 = 2.2
1977 6.4 + 2.4 4.4 + 1.4 11.1 = 1.7 3.8 + 1.8
Warm season
forbs
1974 0.0 £ 0.0 3.3 £+ 1.4 0.0 £ 0.0 0.0 + 0.0
1975 0.0 £ 0.0 0.0 £+ 0.0 0.0 + 0.0 0.0 £+ 0.0
1976 0.7 = 0.7 2.1 £ 2.1 0.0 £ 0.0 0.6 + 0.6
1977 1.4 = 1.4 0.4 + 0.4 0.0 = 0.0 0.3 + 0.3
Half shrubs
1974 13.1 £ 4.4 0.0 £+ 0.0 37.0 £ 5.2 29.6 =+ 6.3
1975 14.6 £ 5.4 0.0 £+ 0.0 36.3 £ 7.9 52.4 £ 10.7
1976 7.8 £ 5.1 0.0 £+ 0.0 9.3 = 1.7 8.5 + 2.3
1977 1.5 + 0.6 0.0 + 0.0 10.3 £ 2.7 1.6 £+ 0.7
Aboveground
net production
1974 107.8 119.9 122.7 105.5
1975 138.9 130.6 143.0 164.8
1976 117.1 70.8 118.6 120.3
1977 50.3 40.0 45.8 39.9

*

Current and aboveground
and 1977 estimated from

1977.

net primary pro
one harvest date only, 28 Ju

59

duction (X * SE).

Peaks for 1976
ne 1976 to 16 July



characteristics of plants from the same study sites 5 or 10 years after
continuous operation of the Colstrip power plant complex.

Differences in chemical constituents among the four study sites for live
Agropyron smithii, the dominant grass, are minimal (Table 2.5). Ash content
ranges from 5.67 to 9.47% but is usually about 7%, regardless of site of time
of season. By contrast, nitrogen content ranges from above 2% in May to less
than 1% in August. Although the sulfur content of live Agropyron smithii
also appears to decrease with advance of the season, it does not decrease as
rapidly as does foliar nitrogen. Little can be said of the intraseasonal
changes in phosphorus concentrations from our sparse 1974 data and we did not
determine phosphorus levels in 1975.

INVERTEBRATE POPULATIONS

Introduction

This section will present the results of arthropod censusing during the
1974 and 1975 field seasons. The field sampling was done on the four estab-
lished study plots near Colstrip, i.e., Hay Coulee, Kluver West, Kluver
North, and Kluver East. A general description of the region has been given
by Lauenroth et al. (1975) and Taylor et al. (1976) has given detailed
descriptions of the four study plots. For convenience, Taylor's descriptions
are summarized in Table 2.6.

There have been very few studies of the total arthropod community of
northern mixed grass prairie systems (McDaniel, 1971; Reigert and Varley,
1972; Willard, 1974; Reigert et al., 1974). This study, in addition to the
primary purpose of providing baseline data for the coal-fired power plant
emissions study, is an attempt to provide a detailed description of the
arthropod community of a representative site within the northern mixed grass
prairie.

Methods and Materials

The field and laboratory techniques were discussed in brief previously
in the Third Interim Report, but will be given here in greater detail for
reference purposes. The techniques are the same as those followed at Pawnee
Site, the primary field research site of the US/IBP Grassland Biome project.
Specific details of all equipment and preocedures are given by Leetham (1975).

The arthropod community was sampled in three phases by three different
techniques, each of which was directed at a major component of the community.
The three phases were aboveground arthropods, soil macroarthropods, and soil

* ’
Excerpted from J. W. Leetham, T. J. McNary, R. Kuhmar, J. Lloyd, R. Lavigne,
J. L. Dodd and W. K. Lauenroth. 1978. Arthropod consumer dynamics in some
mixed-prairie grasslands in the northern Great Plains. (In preparation)
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TABLE 2.5. CHEMICAL CONSTITUENTS OF LIVE AGROPYRON SMITHII PLANT SAMPLES FOR COLSTRIP STUDY SITES
Ash Nitrogen Phosphorus Sulfur
(%) 2) @) %)
Site Date Rep. 1 Rep. 2 Rep. 1 Rep. 2 Rep. 1 Rep. 2 Rep. 1 Rep. 2

Hay Coulee 29 June 1974 6.9 6.4 1.3 1.2 .19 .17 .09 .10
16 August 1974 6.4 4,5 0.9 0.8 .13 .10 .07 .07
1 May 1975 9.4 8.1 2.5 2.6 .11 .10
1 June 1975 7.2 7.3 1.5 1.6 .10 11
15 July 1975 7.4 7.6 1.1 1.1 .07 .06
11 August 1975 6.9 6.8 0.8 0.8 .06 .06
28 June 1976 7.1 6.6 1.1 1.2 .08 .08

Kluver West 30 June 1974 6.4 5.6 1.1 1.3 .18 .14 .07 .10
22 August 1974 6.6 0.9 .10 .07
1 May 1975 7.4 8.2 2.1 2.3 .07 .09
1 June 1975 7.1 6.3 1.4 1.5 .09 .09
16 July 1975 7.0 7.7 1.1 1.1 .05 .08
12 August 1975 6.5 6.1 0.8 0.9 .06 .06
29 June 1976 6.7 6.1 1.1 1.1 .07 .08

Kluver North 1 July 1974 5.9 5.8 1.2 1.3 .12 .15 .09 .09
12 August 1974 6.3 6.3 0.8 1.0 .10 .09 .10 .10
1 May 1975 7.4 7.6 2.4 2.4 .10 .10
1 June 1975 7.1 6.6 1.5 1.5 .09 .10
1 July 1975 8.4 6.4 1.2 1.2 .06 .10
12 August 1975 6.0 7.5 0.8 1.0 .07 .08
29 June 1976 6.4 6.4 1.2 1.3 .08 .08
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TABLE 2.5. CONTINUED.

Ash Nitrogen Phosphorus Sulfur
(%) (%) (%) (%)
Site Date Rep. 1 Rep. 2 Rep. 1 Rep. 2 Rep. 1 Rep. 2 Rep. 1 Rep. 2
Kluver East 2 July 1974 8.5 7.6 1.2 1.3 .17 .16 A1 11

13 August 1974 8.3 0.9 .10 .08
1 June 1975 7.0 6.6 1.5 1.4 .07 .08
17 July 1975 7.6 7.6 1.2 1.1 .05 .08
30 June 1976 7.7 7.1 1.2 1.3 .07 .07
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TABLE 2.6. GENERAL CHARACTERISTICS OF THE FOUR FIELD SITES NEAR COLSTRIP, MON']:'ANA’!c
Distance (km)
and direction Elevation Slope and
Field plot from Colstrip (m) exposure Principal plants Soil type
Hay Coulee 11.6 SE 927 47 NNE Agropyron smithii Colluvial clay loams
Artemisia tridentata
Koeleria cristata
Bromus Jjaponicus
Kluver West 11.6 ESE 917 6% N Stipa comata Colluvial sandy loams
Agropyron smithii
Bromus Jjaponicus
Bromus tectorum
Kluver North 14.7 E 902 5% NE Stipa comata Colluvial sandy loam
Artemisia frigida
Agropyron smithii
Bromus Japonicus
Kluver East 18.3 ESE 904 3.5% NE Agropyron smithiti Residual and

Agropyron cristata
Artemisia frigida
Bromus japonicus

colluvial clay loams

*
Derived from Taylor et al., 1975.



microarthropods. The aboveground arthropods included those individuals
occurring in or above the soil surface litter. The soil macroarthropods
included those individuals occurring below the surface litter and incapable
of passing through a l-mm opening sieve while the soil microarthropods were
those individuals occurring in or below the surface litter material and small
enough to pass through the l-mm sieve. Because of difficulty in applying the
latter, physical separation of the soil macro- and microarthropods, the
separation was ultimately based on taxonomic criteria. Thus the soil micro-
arthropods included the soil acarines, primitive or apterygote insects,
Pauropoda, Symphyla, Tardigrada, and one '"higher" group of insects, the
Homoptera-Pseudococcidae. The soil macroarthropods included the remainder of
the soil-dwelling arthropods. The surface litter material was included in
the microarthropod samples because we felt the very small individuals
occurring there were poorly represented in the litter material in the above-
ground samples while the opposite argument was applied to the macroarthropods.

The aboveground arthropods were sampled by dropping a cage of known size
over predetermined sample locations without disturbing the arthropods. The
trap, covering a 0.5-m? circular area, was dropped from a 5.5 m (18 ft) cart-
mounted boom. After trap emplacement, the arthropods were removed by vacuum
in a two-stage process designed to increase the efficiency of sampling. 1In
the first stage the trap and vegetation were vacuumed lightly to remove the
active arthropods without including a lot of litter. The second stage was
the complete removal of all vegetation and litter by clipping and vacuuming.
The first-stage material was frozen and later handsorted while the second
stage material was subjected to Berlese-type extraction for 48 h for removal
of the arthropods which were killed and preserved in 707 ethanol.

The soil macroarthropods were sampled by taking 12.5 cm (5 ft) diam. by
15 cm deep soil cores and wet sieving them through a series of three sieves
with mesh openings of 4, 2, and 1 mm. The retained material was then sus-
pended in a saturated solution of magnesium sulfate (MgSO,) to separate
organic and inorganic material. The final material was handsorted for
arthropods. The soil cores were taken within the area where the aboveground
sample was taken.

The soil microarthropods were sampled by taking soil cores 4.8 cm diam.
by 10 cm deep in such a way as to minimize soil compaction and retain the
core in two 5-cm long aluminum sleeves. The core was taken outside the area
used for the aboveground sample where the litter had not been removed. The
soil core was divided into the two 5-cm sections and each was later subjected
to Macfadyen-type high-temperature gradient Tullgren extraction as developed
by Merchant and Crossley (1970). The arthropods were killed and preserved in
70% ethanol. 1In addition to the 10-cm deep cores, one sampling was made to
60-cm depth on the Kluver East plot in April 1975. The purpose of this
sampling was to determine the vertical distribution of the soil microarthro-
pods. The 60-cm cores were divided into and extracted by 5-cm increments.
The extraction period for each core segment was 7 days which allowed for
complete desiccation of the sample.

All aboveground arthropod and soil macroarthropod samples were sorted
and identified at the University of Wyoming, Laramie, while the soil
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microarthropod samples were processed at Colorado State University

Fort Collins. For all sample types, the arthropods were identifieé to at
least family and, where possible, to genus and species, and each type was
assigned to a trophic or functional grouping. Representative specimens or
groups of specimens of each taxonomic group were dried at approximately 65°C
for a minimum of 24 h then weighed for dry weight biomass.

- . k Total counts and
biomass determinations were projected to a m? basis.

The trophic categories used were: root tissue feeder, root sap feeder,
fungivore, aboveground plant tissue feeder, aboveground plant sap feeder,
pollen and nector feeder, seed feeder, predator, parasitoid, omnivore,
scavenger, non-feeding, and unknown. A detailed discussion of these groups
is given by McDaniel (1971). Assignment of the various arthropods to these
trophic groups was based on literature reference, gut content analysis,
and/or recommendations by authorities to whom representatives were sent for
identification and/or verification. In cases where immature stages differed
from adults in feeding habits, the general trophic assignment was based on
which stage had the greatest effects on the total system. An example is the
parasitic Hymenoptera where the parasitoid larvae are probably exerting a
much greater effect than non-feeding or nectar feeding adults; therefore, all
specimens were given the '"parasitoid" assignment.

The frequency and magnitude of sampling was essentially the same in each
of the two years of field work. The number of sampling dates for each group
in each year is presented in Table 2.7. No samples were taken in the dormant
or winter season. Each field plot was divided into two replicates and each
was gridded into 1-m? sampling subunits. At each field date, five sampling
units were chosen in each replicate (10 per field plot) by use of a random
numbers table. Within each sampling unit, one sample for each major arthro-
pod category was taken, i.e., one drop trap sample and one macro- and one
microarthropod soil core. Beginning with the third field date in 1975
(13 June 1975) two macroarthropod cores were taken at each sample location.
The resulting data were summarized by replicate and treatment (field plot).

Results and Discussion

The present count of identified arthropod types collected during the two
seasons of field sampling includes 100 families of insects rep?esentlng 17
orders, 54 families of the four major suborders of mites (Acar1na?, four
families of spiders (Araneida), one family of chilopoda, one species of
terrestrial Copopod (unidentified to species), Pauropoda, Symphyla, and
Tardigrada. Not all material collected has been identified to genus or
Species or, in some cases to family, and some material is undgscrlbed (par-
ticularly in the Acarina). A general overview of the taxonomic structure of
the arthropod community is presented in Figure 2.1. The percentages used .
were derived by combining the results of all three types of sampllng.averaglng
over time and across field plots. Biomass was used because we felt it gave a
better representation of the community structure than nu@bgrs since the
overwhelming numbers of Acarina would have made the Fema}nlng taxa appeir
insignificant. Also presented is the relative COHtrlbuFlOD.tO the total by
each portion of the community (i.e., aboveground and soil micro- and
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TABLE 2.7. FIELD SAMPLING DATES FOR ARTHROPODS FOR 1974 AND 1975
Aboveground Soil Soil
arthropods macroarthropods microarthropods

1974 1975 1974 1975 1974 1975
* * * .
11 May 21 April 14 May 19 April 14 May 19 April
* * % *
25 June 23 May 23 June 19 May 16 June 18 May
* * * * *
5 July 20 June 19 July 13 June -~ 20 June
* % * * * %
1 Aug. 14 July 12 Aug. 23 July 9 Aug. 17 July
* % * * * *
18 Aug. 8 Aug. 19 Aug. 6 Aug. 20 Aug. 12 Aug.
* % * * *
12 Sept. 11 Sept. 11 Sept. 17 Sept. 12 Sept. 16 Sept.

Sampling dates from which data were used for statistical analysis.
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Total Arthropods
Aboveground Arth.

Soil Macroarthropods

Soil Microarthropods

Araneae
Acarina (total)
Mesostigmata
Prostigmata
Astigmata
Cryptostigmata
Collembola
Diplura
Orthoptera
Isoptera
Hemiptera
Homoptera
Coleoptera
Mecoptera
Lepidoptera
Diptera
Hymenoptera

769.34 mg.m~2

43.5

1 i I J

0 10 20 30 20 50

TOTAL BIOMASS (%)

Figure 2.1. General taxonomic structure of the arthropod community of a

southeastern

Montana mixed-grass prairie, based on averaging

time-weighted means from each of the four figld.plots from the
1974 and 1975 seasons for biomass. Numbers indicate standard

error as a percent of the total.
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macroarthropods). The figures listed in the right column are the standard
error given as a percentage of the mean of the four plots. These data are
given to provide an indication of the variability between field plots. Only
the major taxa are given in Figure 2.1. Those collected but not shown
include Chilopoda, Pauropoda, Symphyla, Tardigrada, Plecoptera, Protera,
Psocoptera, Thysanoptera, Tricoptera, Neuroptera, and Odonata. The
Coleoptera is the dominant group and one of the most stable across sites.

The Acarina are also quite stable across the four field sites, while most of
the insect orders show high variability. A vast majority of the total insect
biomass occurs in the soil and surface litter (approximately 88%). A more
detailed breakdown of the insect community on each of the four field sites is
given in Table 2.8. The very high biomass on the Hay Coulee site was caused
by collection of Cicada immatures (Homoptera-Cicadidae) just before they
emerged. Normally, those immatures are known to occur at depths of 40-60 cm
for most of their developmental stages.

Figure 2.2 is a general trophic breakdown of the insect community at the
four field sites. The figures are presented for the three major groupings or
sampling schemes. All herbivore types were combined for simplification.
Herbivory is the predominant feeding type in both aboveground and soil
macroarthropod groups but ranks only third in the soil microarthropods.
Predation, however, is very important in both soil groups but is not nearly
as important above ground. Fungal feeding is the predominant feeding type in
the soil microarthropods. The soil macroarthropod data are the most variant
across the four sites while the soil microarthropod and aboveground arthropod
data are similar in their variability across sites.

In order to determine possible significant differences between the four
sites in the various components of the arthropod community as well as signif-
icant year differences or seasonal fluctuations a repeated measures analysis
of variance was used. The analysis was applied to each of the three arthro-
pod sampling components and the model used was the same except for the sample
dates for each since some variability in the number and spacing of the dates
occurred. The model used was:

=y + ti + 7 + zj + d(z)

b (i) tzij + td(z)

1ikp k(i) * ik(3) * “iikp
where t = treatment and i = 1, ..., 4 (1 = Hay Coulee, 2 = Kluver West, 3 =
Kluver North, and 4 = Kluver East); 7 = replicate within treatment and p = 1,
2 for each; z = year and j = 1, 2 (1 = 1974, 2 = 1975); d(z) = date within
year and k =1, ..., n for j=1; k=1, ..., for j = 2; and n = the total
number of dates used for a given response; and € = error = 7wz + 7d(z). The
sampling dates used in each of the three tests are indicated in Table 2.7.
Additionally, certain soil macroarthropod groups were tested using only the

last four dates in 1975. The model for this test was:

Y. =u+t, +1 + d + td,.
i i

ikp p(i) T %k ¢

k M ikp
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TABLE 2.8. GENERAL STRUCTURE OF THE ARTHROPOD COMMUNITY OF THE FOUR FIELD SITES*

Arthropods Hay Coulee Kluver West Kluver North Kluver East
Numbers * m~?2

Aboveground arthropods 79 (0.1)-r 62 (0.1) 101 (0.1) 70 (0.1)

Soil macroarthropods 139 (0.2) 184 (0.2) 87 (0.1) 93 (0.1)

Soil microarthropods 85,905 (99.7) 118,039 (99.7) 117,787 (99.8) 90,954 (99.8)

Total 86,123 118,284 117,975 91,117

Biomass (mg - m~2)

Aboveground arthropods 70.6 (6.3) 130.3 (17.2) 101.1 (16.7) 62.7 (10.8)

Soil macroarthropods 1,012.7 (89.7) 571.2 (75.4) 456.0 (75.2) 476.4 (81.8)

Soil microarthropods 45.5 (4.0) 55.7 (7.4) 49.6 (8.1) 43.3 (7.4)

Total 1,128.8 757.2 606.7 582.4

*

Based on means of 1974 and 1975 time weighted means except for soil macroarthropods for
which only 1975 data are used.

+Percent of total.



90~ a

w
o 786
% 80 F B El Hay Coulee
% B Kluver West
- 8 Kluver North
o 70 - Kiuver East
a Hans!
pd (11
>
£
5 20
Lﬁl 74 6.3 4.8 1.6
S 10t ' ' ' '
) E0 0] i e
o el Been/
t S,
(8] — f
0 60 4 b
iy i
wn 5Cr 331
o
S il
a —
O 40
T
i
g 30r
o
g 1 1
g 20+ 9.0
= 7.7
=
f= o EFoH  BEH EflR H
c 0O ;
9'. 480
- =
e} 50 I c
W
D b
O 40+
a
@] 29.3
T 30 i
— 9.2
g ]
S 20r
v
O
= 10+
= ol_ElFah sHL EFGH
8 Fungi- Herbi- Preda- Omm- Scaven- Non-
vores vores tors vores gers  feeding

TREATMENTS BY TROPHIC GROUP

Figure 2.2. Trophic structure of the arthropod community on the four field
sites. Percentages are based on means of 1974 and 1975 time-
weighted means except the soil macroarthropods for which only
1975 data are used. Numbers above bars indicate mean of all four
treatments.

70



where the terms and subscripts are the same as before, except d =
1975 only and k = 1,

d.

date for
«» 4 (for last four sampling dates of 1975) and ¢ =

For the other groups of soil macroarthropods tested, only the last four
dates in both 1974 and 1975 were used. The deletion of certain dates was
because of problems in the field and laboratory techniques that were cor-
rected at the third sampling in 1975, thus making the last four samplings in
1975 the most reliable data. For the soil microarthropods, only five of the
six 1975 samplings were used since they corresponded with the five samplings
of 1974, thus giving the test for year effect more validity. Only the major
taxonomic and trophic groups were tested and each set of data (aboveground
arthropods and soil micro- and macroarthropods) was treated separately. The
analyses were designed to test for year, treatment, and date main effects and
interactions. The results of the statistical tests (including means) are
presented in Tables 2.9-2.17. Only the results for biomass are presented
since, as mentioned previously, we feel they represent the faunal structure
better than those for numbers. Where the results for numbers deviate from
that for biomass, they will be discussed in text.

Of the 14 taxonomic and trophic groups (including total) of aboveground
arthropods tested, only the Coleoptera failed to show a significant change in
numbers and/or biomass from 1974 to 1975 (P < 0.05). Of those that changed,
only the Araneida numbers and scavenger biomass showed a decrease in popula-
tion size from 1974 to 1975. 1t is suspected by the authors, that increased
efficiency of sampling in 1975 may have had significant effects on the
observed results of increased populations in 1975 since many logistical
problems of the initial 1974 season had been largely overcome by 1975.

Significant differences between the aboveground arthropod populations of
the four plots were few. For P < 0.05, only the Hemiptera and the trophic
groups of scavengers, plant sap feeders, and predators showed different
populations. Three groups, i.e., total, Orthoptera, and omnivores, had sig-
nificant differences at 0.05 < P < 0.10; however for numbers, the Orthoptera
was highly significant (P < 0.01). There were some significant interactions
noted and these data are presented in Figures 2.3 and 2.4. The high
orthopteran populations at the Kluver West plot are due to high grasshopper
(mostly Melanoplus sp.) populations in 1975. The rancher on whose'land the
plot is located confirmed that the area around the plot 1s a notorious
grasshopper outbreak area. It can be seen in Figures 2.3azb that there were
substantially higher grasshopper populations in 1975 than in 1974. Very high
populations have been noted in this same plot in 1976 and 1977, alt@ough no
sampling was done. The high Hemiptera and resulting plgnt sap-feeding .
populations on Kluver North were due to the lygaeid Nysius sp. collected in
very high numbers primarily in May and June of both years.

As was mentioned earlier, certain difficulties with both the field and
laboratory techniques used for soil macroarthropods caused the qatg from 1974
and early 1975 to be less reliable than desired and hence the 31gn1f1cant.
population increases in 1975 as noted in Table 2.10 are most probab%y arti-
fical. The data from the last four sampling dates in 1975 are conS}dered
reliable. Because of these difficulties we cannot make any conclusions as to

71



¢L

TABLE 2.9. ANOVA RESULTS FOR ABOVEGROUND ARTHROPOD-BIOMASS (MG + M~2)-YEAR AND TREATMENT EFFLECTS

Field plot
Aboveground Year ANOVA Kluver Kluver Kluver ANOVA results
arthropods 1974 1975 P(Y) Hay Coulee West North East P(T) Q value P(TxY)
Araneida 2.45 1.60 .3472 2.60 1.08 3.33 1.10 .0168 1.829
Orthoptera 11.92 79.76 . 0000 31.72 76.80 43.61 31.22 .0738 .0482
Hemiptera 3.97 5.54 .0419 3.02 5.27 8.30 2.42 .0284 5.04
Homoptera 4.16 6.70 .0061 6.35 5.43 6.08 3.86 .3894
Coleoptera 18.47 15.89 .2327 13.31 20.32 23.24 12.39 L2172
Hymenoptera 2.76 8.33 .0000 6.00 4 .88 6.40 4.89 L4755
Diptera 0.93 1.68 .0087 1.31 1.32 1.44 1.14 .9675
Plant tissue feeders 30.05 94 .24 .0000 43.95 92.92 67.55 44,17 1412
Plant sap feeders 7.75 9,57 .0906 7.25 9.52 12.69 5.18 .0216 5.63 .0188
Plant pollen feeders 0.36 2.58 .0069 9.93 2.98 0.83 0.13 .1572
Predator 5.71 5.35 .7720 5.84 4 .43 7.91 3.94 .0483 3.95
Omnivore 1.84 7.24 .0000 5.10 3.38 5.38 4 .67 .0732
Scavenger 5.85 2.82 .0007 2.76 8.17 4.18 2.23 .0033 6.73 .0330
Total arthropods* 53.13 126.13 .0000 70.53 125.06 105.82 62.10 .0943 .0078

*
Total aboveground arthropods, but does

not necessarily equal the sum of those listed.
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TABLE 2.10., ANOVA RESULTS TO SOIL MACROARTHROPODS-BIOMASS (MG - M_z)-YEAR AND TREATMENT EFFECTS
Field plot

Aboveground Year ANOVA Kluver Kluver Kluver ANOVA results
arthropods 1974 1975 P(Y) Hay Coulee West North East P(T) Q value P(TxY)
‘Orthoptera 12.30 4.56 .1169 1.57 4.30 18.00 9.87 .1671 *.0253
Coleoptera 86.74 324.68 . 0000 238.44 225,04 197.65 161.72 .6799
Hymenoptera 9.13 63.77 .0478 67.57 62.34 11.35 7.55 .5124
Plant tissue feeders 42.94 123.96 .0130 132.28 73.05 39.99 88.48 L7125
Homoptera 132.53 275.67 21.22 69.32 163.93 .3450
Root tissue feeders 183.10 247.05 120.14 180.58 184.63 .9367
Root sap feeders 295,21 551.34 42 .44 199.10 387.97 L4752
Predators 343.63 264.16 508.53 407.34 194.49 .0279 265.79

*
Total arthropods 125.73 614.01 . 0000 567.15 352.14 286.70 273.50 L0429 290.53

*
Total soil macroarthropods, but does not necessarily equal the sum of those listed.

TABLE 2.1},

ANOVA RESULTS FOR SOLL MICROARTHROPODS-BIOMASS (MG - M™2)~YEAR AND TREATMENT EFFECTS

L Field plot

Aboveground Year ANOVA Kluver Kluver Kluver ANOVA results
arthropods 1974 1975 P(Y) Hay Coulee West North East P(T) Q value P(TxY)
Acariformes 28.74 22.51 .0014 23.14 28.29 26.57 24.38 .2306

Astigmata 1.65 0.65 . 0026 0.64 1.10 1.86 1.00 .3031

Cryptostigmata 13.76 7.70 . 0000 10.53 12.69 9.22 10.48 .1598

Prostigmata 13.32 14.15 .3512 11.97 14.59 15.58 12.89 .3205
Parasitiformes 5.43 4.56 .1678 5.39 4.33 5.78 4.54 L2444

Mesostigmata
Tungivores 21.52 19.61 .3818 20,38 24,26 17.70 19.92 .3024
Herbivores 8.16 11.30 .0199 6.27 13.47 10.56 8.62 .0796
Predators 14.84 10.44 . 0000 13.07 12.07 13.08 12.34 .7824 .0570

*

Total arthropods 212.4.  219.4 L9134 131.39 280.37 325,51 126.41 4311

*
Total soil microarthropods, but does not necessarily equal the sum of those listed.
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TABLE 2.12. ANOVA RESULTS FOR ABOVEGROUND ARTHROPODS-BIOMASS (MG - M_?’)—-DATE EFFECT FOR 1974
Aboveground Sampling dates ANOVA results
arthropods 11 May 25 June 5 July 1 Aug 18 Aug 12 Sept P(D) Q value P(DxT)
Araneida 1.92 1.83 4.88 1.78 2.23 2.10
Orthoptera 5.65 24.18 12.04 14.89 12.84 1.91 .9421
Hemiptera 7.21 10.68 2.58 0.37 0.52 2.44 .0000 5.490 .0000
Homoptera 2.66 8.70 5.55 2.59 3.51 1.93 .0287 6.466
Coleoptera 16.96 32.85 26.16 5.57 7.94 22.98 . 0001 17.214 .0147
Hymenoptera 4.06 6.79 3.70 0.22 0.46 1.30 . 0024 5.140
Diptera 0.31 2.05 2.11 0.27 0.58 0.26 .0079 1.988

Plant tissue feeders 55.01 38.95 32.23 18.13 18.22 17.79 .5194

Plant sap feeders 9.48 17.87 7.68 3.16 4.06 4,26 .0000 7.669 .0013
Plant pollen feeders 0.00 1.40 0.70 0.02 0.04 0.02 . 9687

Predators 4,53 8.92 9.65 2.43 3.03 5.69 . 1049

Omnivores 4.05 3.89 1.70 0.10 0.34 0.98 .0370 4 .54
Scavengers 6.23 13.90 4.94 1.95 3.63 4.47 .0000 6.037 .0000

%
Total arthropods 81.32 89.21 58.34 26.04 29.56 33.81 .0257 68.79
Total aboveground arthropods, but does not necessarily equal the sum of those listed.
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TABLE 2.13. ANOVA RESULTS FOR ABOVEGROUND ARTHROPODS-BIOMASS (MG - M_z)—DATE EFFECT FOR 1975
Aboveground Sampling dates ANOVA results
arthropods 21 Apr 23 May 20 June 14 July 8 Aug 11 Sept P(D) Q value P(DxT)
Araneida 0.24 0.28 5.59 2.49 0.16 0.86
Orthoptera 1.78 14.58 35.25 147.43 192.95 86.60 . 0000 66.522 .0037
Hemiptera 3.40 4.18 12.97 8.07 2.74 1.89 . 0000 5.490 . 0004
Homoptera 2,38 3.03 10.82 12.76 7.51 3.73 . 0000 6.466 . 0140
Coleoptera 29.93 29.64 19.76 8.56 3.15 4.31 . 0000 17.214 .0517
Hymenoptera 3.05 13.24 19.45 11.56 2.04 0.67 . 0000 5.140 .0005
Diptera 1.08 2.73 2.42 3.12 0.72 0.00 .0001 1.988 . 0005
Plant tissue feeders 29.87 38.28 49.78 159.84 197.24 90.46 . 0000 68.923 .0104
Plant sap feeders 3.55 4.51 22.02 14.30 9.49 3.53 . 0000 7.669 .1090
Plant pollen feeders 1.96 0.25 4.23 3.52 1.96 3.54 .3410
Predators 4.40 6.46 10.84 7.35 1.18 1.75 .0242 9.080
Omnivores 2.80 12.26 19.36 8.78 0.64 0.67 .0000 4.54 . 0001
Scavengers 3.48 6.01 5.13 0.22 0.35 1.74 .0228 6.037 .0329
Total arthropods* 47.91 69.43 127.36 196.99 213.15 101.92 .0000 68.79 .0093
Total aboveground arthropods, but does not necessarily equal the sum of those listed.
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TABLE 2.14. ANOVA RESULTS FOR SOIL MACROARTHROPODS-BIOMASS (MG « M™2)-DATE EFFECTS FOR

1974
Soil Sampling dates ANOVA results
macroarthropods 19 July 12 Aug 19 Aug 11 sept P(D) Q value  P(DXT)
Coleoptera 16.44 81.26 68.43 180.83 .2359
Hymenoptera 11.80 12.68 4.98 7.07 . 9486
Orthoptera 0.00 10.16 0.00 39.06 . 0008 26.11 .0141
Plant tissue feeding 0.00 13.34 50.16 108.27 .3074
%*
Total arthropods 28.33 163.05 73.41 238.15 L4430

‘Total soil macroarthropods, but does not necessarily equal the sum of those listed.
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TABLE 2.15. ANOVA RESULTS FOR SOIL MACROARTHROPODS-BIOMASS (MG « M~2)-DATE EFFECTS FOR

1975
Soil Sampling dates ANOVA results
macroarthropods 20 June 30 July 8 Aug 11 Sept P(D) Q value  P(DxT)
Coleoptera 249.30 224.86 509.62 314.96 . 0051 216.42
Hymenoptera 74.21 96.85 62.48 21.54 .5513
Orthoptera 13.86 2.52 0.63 1.26 4773
Plant tissue feeding 139.61 86.10 101.78 168.35 .5371
Homoptera 120.95 362.86 45.97 0.37 L0174 302.06 .0181
Predator 301.11 243.90 648.17 181.34 .0159 385.63
Root tissue feeding 214,32 128.84 344.71 44,53 . 2495
Root sap feeding 362.84  725.69 91.95 0.37 .0402 702.67 .0363
%* ,
Total arthropods 553.59 771.32 702.94 427.19 .0795 . 0036

EN
Total soil macroarthropods, but does not necessarily equal the sum of those listed.
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TABLE 2.16. ANOVA RESULTS FOR SOIL MICROARTHROPODS-BIOMASS (MG + M~2)-DATE EFFECTS FOR 1974

Soil Sampling dates ANOVA results
microarthropods 14 May 16 June 9 July 20 Aug 12 Sept P(D) Q value P(DxT)
Acariformes 39.47 33.54 25.72 17.86 27.08 .0001 11.587

Astigmata 1.30 4.10 0.81 0.91 1.14 .0001 1.989
Cryptostigmata 21.95 13.26 12.18 8.43 12.97 .0001 7.165
Prostigmata 16,22 16.19 12.72 8.52 12.96 .0012 5.621
Parasitiformes
Mesostigmata 5.30 6.36 4.40 4.62 6.46 4317 .0233
Fungivores 42,69 22.32 14.33 10.48 17.80 .0000 13.902
Herbivores 9.00 7.90 7.67 5.21 11.02 .3808
Predators 18.43 14.57 13.26 14.38 13.60 .0963 . 0001
% , ‘
Total arthropods 133,150 125,210 75,571 55,869 80,668 .0000 39,286

* _
Total soil microarthropods, but does not necessarily equal sum of those listed.
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TABLE 2.17. ANOVA RESULTS FOR SOIL MICROARTHROPODS-BIOMASS (MG + M 2)-DATE EFFECTS FOR 1975

Soil Sampling dates ANOVA results
microarthropods 18 May 24 June 17 July 12 Aug 16 Sept P(D) Q value  P(DxT)
Acariformes 48.41 25.08 14.92 12.35 11.78 .0000 11.587

Astigmata 1.78 0.64 0.23 0.14 0.48 . 1458

Cryptostigmata 14.72 8.71 5.54 3.71 5.83 .0008 7.165

Prostigmata 31.90 15.73 9.15 8.49 5.46 . 0000 5.621 . 0048
Parasitiformes

Mesostigmata 7.35 9.31 3.63 1.10 1.43 .0000 3.936
Fungivores 62.62 15.75 7.64 5.18 6.85 . 0000 13.902
Herbivores 17.36 11.69 4.94 9.16 13.34 .0021 8.291
Predators 14.98 20.78 9. 34 4.34 2.74 .0000 5.78
Total arthropods* 250,655 114,584 51,766 55,414 37,301 .0000 39.286 .0914

*

Total soil microarthropods, but does not necessarily equal sum of those listed.
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population fluctuations of soil macroarthropods between the two years.
little significant differences were found between the four field plots.
the total (P = 0.0429) and the trophic group predator (P = 0.0279) showed
significantly higher populations at one or more plots. Only the Orthoptera
(primary grasshopper eggs) numbers and biomass (P = 0.0353 and 0.0253,
respectively) showed a significant treatment x year interaction.

Very
Only

Seven of the eight microarthropod taxa and trophic groups tested showed
significantly different (P < 0.05) populations from 1974 to 1975, most
showing declines in 1975 (Table 2.10). Two exceptions were the prostigmatid
numbers (P = 0.0303) and total herbivore number (P = 0.0039) and biomass (P
0.0199) which showed increases in 1975. Total microarthropod numbers and
biomass showed increases in 1975; however, neither were significant (P =
0.2066 and 0.9134, respectively). Except for possibly predators (P = 0.057)
none of the groups tested showed significant year x treatment interactions,

indicating the year differences are probably valid for all four field plots.

No significant differences between plots (P < 0.05) were found for any
of the taxonomic and trophic groups of soil microarthropods tested, although
variability between the plots is evident in the data (Table 2.10). At P =
0.0776 and P = 0.0796, the herbivore group showed significant treatment
effect for numbers and biomass, respectively. The most apparent trend among
the data was for higher populations to occur at the Kluver West and Kluver
North plots. This could very likely be due to the predominance of the bunch
grass Stipa sp. at these two sites.

Aboveground arthropod population trends across the growing seasons
tended to follow the patterns of aboveground standing live vegetation, i.e.,
peaking in mid summer and declining toward fall. Nearly all taxonomic and
trophic groups tested showed significant (P < 0.05) population changes within
one or both seasons, most of which had their highest populations near the
July sampling. A notable exception is the total arthropods and its major
constituent, the Orthoptera, which showed peak populations in the late summer
of 1975. The data for these two groups in 1975 are presented in Figures 2.5
and 2.6. The same trend is seen for the trophic group plant tissue feeders.
Numerous significant date by treatment interactions (P < 0.05) are indicative
that the observed trends do not necessarily apply equally to all plots. Some
of these interactions are presented in Figures 2.7, 2.8, 2.9, and 2.10..
Generally, the Kluver East plot has the least change in biomass of various
arthropod groups across the growing seasons.

Because of the technical problems encountered in sampling thg s?il
macroarthropods, population changes across the seasons are.VE¥y.dlffl?ult to
interpret with even greater complications arising due to significant %nterac—
tions of treatment and date (Tables 2.14 and 2.15). Generally the soil
arthropods were composed largely of Homoptera—Cicadidae'(root sap feedgrs)
and Coleoptera-Carabidae (largely predatory) and Elaterléae (root ChEVlng
wire worms). The Cicadids were sampled as mature, emerging nymphs which a¥el
generally missed by shallow soil sampling because they normally §pend ?ultlp e
seasons at 40-60 cm depth feeding on root sap énd Qove to the soil suilace
just prior to emergence to the adult stage. Cicadids were taken at all but

the Kluver West plot.

81



200r a — Hay Coulee
— — — = Kluver West
—_— - — -+ = Kluver North
Ce—, T \
—~ - - —— — KIU r f
G 100 k- - N ver Eas
= .
g
o O | l
g Il May 25Jun SJul lAug [8Aug 12Sep
<
s 400 b
o
m

300

200

100

') { 1 |
21 Apr 23May 20Jun 14 Jul 8Aug [1Sep
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The soil microarthropods generally showed a consistent population trend
of being high in the spring and declining as the season progresses (Tables
2.16 and 2.17). 1In 1974 the population showed a resurgence in early fall.
These trends are quite closely atuned to soil water dynamics for the seasons.
Nearly all groups tested showed significant population changes (P < 0.05) in
one or both seasons and essentially all followed the above trend of high
spring and low summer population levels. Only four groups showed significant
date x treatment interactions and these data are presented in Figures 2.11,
2.12, 2.13, and 2.14.

For all three types of arthropod data, summaries consisting of means and
standard errors have been calculated for all sample dates in both years. The
summaries are at the order, suborder, family, and trophic group levels and
are done by replicate with treatment summaries. These data are stored at the
Natural Resource Ecology Laboratory, Colorado State University, Fort Collins.
Anyone interested in any particular facet of these data should contact either
Dr. Jerrold L. Dodd or John Leetham. The data are much too voluminous to
include here.

Summary and Conclusions

The task of characterizing in depth the complete arthropod fauna of any
given ecosystem type is a formidable one and becomes more complex the larger
the defined ecosystem type. Because of the immense variability of types and
function of the arthropods, it is indeed difficult to devise techniques with
which to efficiently census the fauna of a given ecosystem type. The objec-
tive in this study was to utilize some techniques developed during the US/IBP
Grassland Biome studies to census the arthropod fauna of a northern mixed-
grass prairie ecosystem located near the site of a major coal-fired power
plant. The censusing was to establish a set of baseline data which may be
utilized at a later date to evaluate the long-term effects of the atmospheric
pollutants generated by the power plant. Because of the design of the
censusing program, only large-scale faunal changes will be detected when
return sampling is done. Small-scale, subtle changes may not be detected, or
at least not until they have had time to effect larger ramifications in the
ecosystem. Nevertheless, the data collected here can provide a reasonably
good baseline from which to work.

General characteristics of the arthropod fauna show that an overwhelming
majority of the arthropod biomass and numbers occur in the soil (Figure 2.1,
Table 2.8). This is not unexpected considering the comparatively =xeric
conditions of the area and the fact that a majority of the herbage biomass is
plant roots. This situation is common to the drier grassland types. A
majority of the soil arthropod biomass is made up of Coleoptera and Homoptera
immatures (Figure 2.1). However, from a number's view point, the soil
acarines are by far the dominant group. The variability of the arthropod
fauna within a grassland ecosystem type is exemplified by the grasshopper
populations at the four field sites. Slight variations in the controlling
environmental factors can result in substantial population variations. Thus
the substantially higher Melanoplus populations at the Kluver West plot may
be due in part to the sandier soil of the area. Sandy loam soils have been
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shown to be preferred by Melanoplus species (Isely, 1938) for oviposition
sites.

Probably the foremost criterion for utilizing all four field sites for
future monitoring is how uniform they are in both floral and faunal aspects.
Generally, there are few significant differences between two or more plots
for the various taxonomic and trophic groups, although the actual data show
substantial variability from plot to plot. Based on our data, the four field
plots are good replicates for most of the arthropod groups present. Of
course for certain groups such as the grasshoppers where significant dif-
ferences do occur, the specific outlier plot or plots should not be used for
future reference.

The trophic structure of the arthropod fauna is variable among the three
divisions sampled (Figure 2.2). The aboveground arthropods are largely
herbivores in some way or another. The soil macroarthropods are also largely
herbivores; however, there are more predators than above ground. The soil
microarthropods are quite different in that herbivores rank third behind
fungivores and predators. Herbivory is much less important to the tiny
microarthropods, primarily acarines, than the larger insects. They have been
able to exploit the large supply of fungal material in the soil and litter
zones.

There is a very substantial difference between the season population
dynamics of the aboveground arthropods and the soil microarthropods. The
aboveground types show population trends similar to the aboveground herbage,
7.e., increasing to a mid-season high then declining into winter. This is
expected since most of the arthropods are herbivores. By contrast, the soil
microarthropods show early spring population highs with declines through the
summer and possibly a rebound in fall. This trend is basically the same as
the expected soil water cycle, 7.e., wetter from spring and early summer
rains, drying down in late summer, then rewetting from fall precipitation.
Soil macroarthropod trends could not be depicted from our data. The actual
trends may be very complicated due to variations in emergence patterns among
species. Since many of the macroarthropods are immatures of various insects
that also would be classed as aboveground arthropods in the adult stage,
their population trends might be coordinated with the availability of food
resources for the adult. Thus, a given species may show peak numbers of
immatures in the soil late in the growing season when soil water is low but
then present high numbers of emerging adults since their primary aboveground
food source is then available.
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APPENDIX

TABLE 2.1. PHYSICAL CHARACTERISTICS OF COLSTRIP STUDY SITE SOILS

Sample Depth Gravel Sand Silt Clay " Bulk
number Horizon (cm) (%) (%) (%) (%) Texture density

Hay Coulee, North Pit

228P Al 0-12 2.76 23 40 37 CL 1.18
400P Dupl. 0-12 2.76 24 40 36 CL 1.18
234P B2 12-22 2.35 18 46 36 SiCL
401P Cl 22-60 3.06 15 44 41 SiC
402P Dupl. 22-60 3.06 15 45 40 SiC
229P c2 60-98 2.12 28 48 24 L
230P C3 98-152 2.02 26 45 29 CL

Hay Coulee, South Pit
270P Al 0-12 1.87 40 40 20 L 1.20
271p B21 12-20 1.64 52 15 33 SCL 1.33
404P Dupl. 12-20 1.64 49 19 32 SCL 1.33
272P B22 20-33 1.47 58 16 26 SCL 1.29
273P B3 33-43 2.17 63 14 23 SCL 1.59
274P Cl 43-90 1.98 63 15 22 SCL
275P C2 90-152 1.66 45 28 27 SCL

Kluver West, East Pit
262P Al 0-10 8.08 52 24 24 SCL 1.25
264P B2 10-20 4.14 43 26 31 CL 1.37
403P Dupl. 10-20 4.14 41 29 30 CL 1.37
265P B3ca 20-33 7.34 40 32 28 CL 1.42
267P Clca 33-62.5 4.31 54 22 24 SCL 1.49
268P IICl 62.5-85 59.37 76 8 16 SL
269P IIC2 85+ 4.22 62 20 18 SL

Kluver West, West Pit
311P Al 0-10 7.84 54 24 22 SCL 1.28
312P B2 10-31 4.19 52 21 27 SCL 1.40
313P B3 31-40 29.98 59 19 22 SCL 1.59
314P Clca 40-118 5.97 55 22 23 SCL
315P C2ca 118-156 15.31 72 13 15 SL
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TABLE 2.1. CONTINUED.

Sample ' Depth Gravel Sand Silt Clay X Bulk
number Horizon  (cm) (%) (%) (%) (%)  Texture density
Kluver North, East Pit
245P Al 0-10 2.60 61 15 24 SCL 1.25
246P B2 10-30 4.62 58 18 24 SCL 1.44
247P B3ca 30-48 0.33 48 23 29 SCL 1.54
248P cl 48-64 3.83 45 26 29 SCL 1.57
249P C2 64-90 0.29 41 27 32 CL
250P C3 90-152 0.13 44 26 30 CL
Kluver North, West Pit
296P Al 0-13 1.59 58 21 21 SCL 1.11
297P Bl 13-24 0.37 58 18 24 SCL 1.38
298P B2 24-40 1.44 60 16 24 SCL 1.51
299P B3 40-50 1.53 58 18 24 SCL 1.58
300p Cl 50-84 0.73 55 16 29 SCL 1.54
301P C2 84-114 0.68 56 16 28 SCL
302p C3 114-152 0.00 54 20 26 SCL
Kluver East, South Pit
283P Al 0-10 66.39 35 31 34 CL 1.29
284P B2ca 10-20 3.02 34 34 32 CL 1.38
285P B3ca 20-28 0.79 34 34 32 CL 1.59
286P Clca 28-46 1.38 35 33 32 CL 1.59
287P C2ca 46-108 0.40 64 13 23 SCL
288P C3 108-152 31.47 61 14 25 SCL

* I
C = clay, L = loam, Si = silt, § = sand.
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TABLE 2.2.

WATER~-HOLDING CAPACITY

(% WT) OF COLSTRIP STUDY SITE SOILS

Sample Depth
number Horizon (cm) 0 bar .33 bar 1l bar 15 bar
Hay Coulee, North Pit
228P Al 0-12 64.46 62.70 25.11 23.10 19.49 19.38 9.79 9.90
400P Dupl. 0-12
234P B2 12-22 43.23 57.55 23.34  22.68 17.42 17.24 9.92 9.53
401P Cl 22-60
402P Dupl. 22-60
229P C2 60-98 51.02 54.21 20.16  20.06 14.05 13.93 6.15 6.63
230P C3 98-152 47.32  47.94 21.63  20.93 13.88 13.07 6.63 6.75
Hay Coulee, South Pit
270P Al 0-12 42,87  48.35 17.89 19.09 14.31 14.42 7.70 7.82
271P B21 12-20 53.70 53.08 16.92 16.45 11.57 14.20 9.19 8.78
404P Dupl. 12-20
272P B22 20-33 49.73  49.71 15.78 14.89 12.53 12.69 7.87 7.22
273p B3 33-43 44,46  41.99 14.35 14.40 11.19 10.85 5.87 5.96
274P cl 43-90 41.94  41.90 12.83 12,90 10.08 10.32 5.84 5.40
275P C2 90-152 44,07  44.62 17.42 17.44 13.93 13.63 6.93 6.39
Kluver West, East Pit
262P Al 0-10 44,81  45.76 13.96  14.96 12.04  12.59 6.49  6.44
264P B2 10-20 54,28 52.06 18.23 18.36 14.60 12.43 8.82 9.10
403P Dupl. 10-20
265P B3ca 20-33 50.64 52.17 20.26 18.87 14.17 14,27 7.10 7.26
267P Clca 33-62.5 43.70 43.85 15.77 16.06 13.01 13.34 5.66 5.72
268P IICl1 62.5-85 34.03 35.66 9.09 9.94 7.46 7.32 3.96 4.55
269P IIC2 85+ 58.41  26.74 12.91 13.68 9.36  7.41 4,65  4.72
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TABTE 2.2. CONTINUED.
Sample Depth
number Horizon (cm) 0 bar .33 bar 1 bar 15 bar
Kluyver West, West Pit
311p Al 0-10 40.86  42.76 15.20 14.36 10.64 10.61 4,86 5.02
312P B2 10-31 48.02  45.99 13.45 11.96 11.43 11.47 6.93 7.60
313p B3 31-40 58.81 42.77 23.56 19.31 10.26 9.92 5.87 5.29
314P Clca 40-118 42.44  41.34 14.62 14.90 11.61 11.61 5.32 5.31
315P C2ca 118-156 34.82 33.81 10.56 12.06 7.41 7.57 3.65 3.49
Kluver North, East Pit
245p Al 0-10 46.14 44,37 14,68 13.79 11.35 11.45 7.43 7.15
246P B2 10-30 51.03 50.75 15.95 15.41 12.59 12.12 7.25 7.15
247P B3ca 30-48 49,91 51.08 20.15 19.56 14.75 14.36 8.17 8.13
248P cl 48-64 49.54 55.18 17.39 17.75 14.95 15.46 7.56 7.38
249P C2 64-90 52.48 53.76 21.64  20.06 16.39 16.16 8.78 8.72
250pP Cc3 90-152 43.68 60.64 18.00 17.77 14.29 15.74 7.58 7.89
Kluver North, West Pit
296°P Al 0-13 43,19 41.92 13.60 12.33 10.45 10.21 6.10 5.67
297p Bl 13-24 57.02 51.71 13.09 16.01 11.06 11,18 6.50 6.48
298P B2 24,40 48.35  50.81 11.27 13.04 11.06 10.74 6.81 6.20
299P B3 40-50 48.48  49.34
300pP cl 50-84 48.70  50.36 15.68  15.40 13.08 13.06 7.05 7.05
301p C2 84-114 47.05 45,83 14.80 15.75 11.97 12.56 6.58 6.60
302p C3 114-152 43.48 44,12 12.76 13.38 13.60 11.02 4.83 5.28
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TABLE 2.2. CONTINUED.

Sample Depth

number Horizon (cm) 0 bar .33 bar 1l bar 15 bar

Kluver East, South Pit

283P Al 0-10 57.79  52.23 18.00 18.15 15.31 15.00 8.76 8.09
284P B2ca 10-20 53.77 55.16 22.38  20.37 15.83 15.59 8.30 8.86
285P B3ca 20-28 50.11 31.00 22.55  23.44 16.24 16.79 8.68 8.19
286P Clca 28-46 54.42 54,37 20.73 21.04 15.63 15.59 8.48 8.02
287P C2ca 46-108 38.08 38.24 12.30 12,55 9.31 9.27 4.72 4,55
288P C3 108-152 34.44  36.38 11.87 12.25 9.55 10.24 4.79 4.59
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TABLE 2.3. CHEMICAL CONSTITUENTS OF COLSTRIP STUDY SITE SOILS

Organic Inorganic Bicarbonate
Sample Depth matter Lime N Total P P P
number Horizon (cm) (%) pH (%) (%) (%) (%) (%)

Hay Coulee, North Pit

228P Al 0-12 1.4 7.4 5.0 0.108 0.058 0.044 1
400P Dupl. 0-12 L.5 7.4 4.6 0.105 0.041 0.030 2
234P B2 12-22 1.3 7.4 11.8 0.110 0.060 0.044 1
401P Ccl 22-60 0.9 8.3 23.6 0.068 0.045 0.036 1
402P Dupl. 22-60 0.5 8.5 22.6 0.037 0.041 0.036 1
229P C2 60-98 0.3 8.4 15.8 0.028 0.050 0.045 1
230P C3 98-152 0.3 8.9 15.2 0.018 0.050 0.044 5
Hay Coulee, South Pit
270P Al 0-12 1.5 7.1 0.0 0.108 0.045 0.030 2
271P B21 12-20 1.0 7.1 0.0 0.081 0.042 0.030 2
404P Dupl. 12-20 1.1 7.0 0.0 0.082 0.041 0.026 2
272p B22 20-33 0.9 9.9 4.2 0.075 0.045 0.033 2
273P B3 33-43 0.9 8.0 11.4 0.062 0.042 0.035 1
274P Cl 43-90 0.7 8.1 14.8 0.055 0.040 0.034 1
275P C2 90-152 0.3 8.4 15.6 0.021 0.034 0.030 2
Kluver West, FEast Pit
262P Al 0-10 1.6 6.7 0.0 0.105 0.050 0.030 >
264P B2 10-20 1.3 7.5 1.8 0.101 0.050 0.035 1
403P Dupl. 10-20 1.6 7.6 2.4 0.100 0.045 0.031 1
265P B3ca 20-33 1.2 8.0 14.2 0.090 0.056 0.039 1
267P Clca 33-62.5 0.7 8.2 12.8 0.052 0.050 0.037 1
268P II1Cl1 62.5-85 0.4 8.4 11.2 0.025 0.039 0.032 1
269P IIC2 85+ 0.3 8.5 10.8 0.016 0.036 0.032 1
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TABLE 2.3. CONTINUED.
Organic Inorganic Bicarbonate
Sample Depth matter Lime N Total P P P
number  Horizon (cm) (%) pH (%) (%) (%) (%) (%)
Kluver West, West Pit
311p Al 0-10 1.3 7.0 0.0 0.089 0.042 0.028 2
312P B2 10-31 1.2 7.0 0.0 0.073 0.040 0.027 1
313P B3 31-40 0.8 8.1 12.6 0.064 0.045 0.032 1
314P Clca 40-118 0.5 8.5 15.6 0.038 0.038 0.031 1
315P C2ca 118-156 0.2 8.6 10.0 0.013 0.033 0.031 1
Kluver North, East Pit
245P Al 0-10 1.2 6.8 0.0 0.085 0.040 0.030 2
246P B2 10-30 1.1 7.7 0.8 0.081 0.043 0.033 2
247P B3ca 30-48 1.0 8.2 10.8 0.059 0.052 0.036 1
248P cl 48-64 0.8 9.3 11.4 0.052 0.046 0.036 1
249pP C2 64-90 1.0 8.5 12.6 0.047 0.043 0.036 1
250pP C3 90-152 0.6 8.5 7.2 0.031 0.045 0.041 7
Kluver North, West Pit
296P Al 0-13 1.5 6.8 0.0 0.105 0.042 0.032 3
297Pp Bl 13-24 0.9 7.0 0.0 0.070 0.038 0.031 4
298P B2 24-40 1.0 7.6 2.0 0.074 0.045 0.028 1
299P B3 40-50 1.0 7.8 1.6 0.083 0.047 0.032 2
300P Ccl 50-84 0.7 8.5 13.2 0.046 0.040 0.032 3
301P c2 84-114 0.4 8.5  14.0  0.027 0.038 0.033 1
302Pp C3 114-152 0.4 8.4 17.8 0.021 0.040 0.036 3
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TABLE 2.3. CONTINUED.

Organic Inorganic Bicarbonate
Sample Depth matter Lime N Total P P P
number Horizon (cm) (%) pH (%) (%) (%) (%) (%)

Kluver East, South Pit

283P Al 0-10 1.8 7.5 2.2 0.125 0.056 0.032 2
284P B2ca 10-20 1.3 8.0 13.0 0.101 0.043 0.032 1
285P B3ca 20-28 1.2 7.9 17.0 0.088 0.040 0.030 1
286P Clca 28-46 1.0 8.2 18.4 0.085 0.040 0.029 1
287P C2ca 46-108 0.4 8.5 14.0 0.020 0.036 0.032 3
288P C3 108-152 0.3 8.3 12.0 0.014 0.034 0.030 4
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TABLE 2.4, EXCHANGEABLE IONS OF COLSTRIP STUDY SITE SOILS (MEQ + 100 G~! SOIL)

Sample Depth K
number Horizon (cm) SOy CEC Ca Mg Na K (ppm)

Hay Coulee, North Pit

228P Al 0-12 <0.1 27.7 - - 0.2 0.6 230
400P Dupl. 0-12 <0.1 16.8 - - 0.2 0.6 240
234P B2 12-22 <0,1 28.6 — - 0.1 0.3 110
401P Cl 22-60 1.2 13.0 —— - 0.8 0.2 65
402P Dupl. 22-60 1.9 10.5 o o 1.4 0.1 55
229P Cc2 60-98 36.4 13.8 — —_ 3.2 0.1 40
230P C3 98-152 71.6 14.1 - —-— 4.4 0.1 55
Hay Coulee, South Pit
270P Al 0-12 0.2 23.3 16.0 5.7 <0.1 0.6 225
271P B21 12-20 0.1 28.2 19.0 7.4 <0.1 0.4 140
404P Dupl. 12~20 <0,1 17.0 10.8 5.3 0.1 0.4 170
272P B22 20-33 <0.1 21.4 - - <0.1 0.2 90
273P B3 33-43 <0.1 15.5 - - <0.1 0.1 55
274P Cl 43~90 0.1 12.4 - - <0.1 0.1 40
275P C2 90-152 0.3 14.7 - - 0.3 0.1 55
Kluver West, East Pit
2627 Al 0-10 0.4 21.8 14.3 4.6 0.1 0.6 215
264P B2 10-20 0.1 26.7 - — 0.1 0.6 215
403P Dupl. 10-20 <0.1 15.1 - - 0.1 0.6 235
265P B3ca 20-33 0.1 20.8 - - 0.1 0.3 105
267P Clca 33-62.5 <0.,1 15.5 - —— 0.1 0.2 75
268P IICl  62.5-85 <0.1 9.1 ~-- - 0.1 0.1 35
269P 11C2 85+ 0.2 10.0 - - 0.1 0.1 50
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TABLE 2.4. CONTINUED.

Sample Depth K
number Horizon (cm) SOy CEC Ca Mg Na K (ppm)
Kluver West, West Pit
311P Al 0-10 0.1 9.8 6.6 2.3 <0.1 0.4 175
312P B2 10-31 1.9 12.8 10.2 2.3 <0.1 0.4 155
313P B3 31-40 <0.1 8.8 - - <0.1 0.2 60
314P Clca 40-118 <0.1 7.8 - - 0.1 0.1 50
315P C2ca 118-156 3.9 5.0 - ~— 0.5 0.1 50
Kluver Novth, East Pit
245P Al 0-10 0.4 24 .4 15.3 5.2 0.1 0.4 175
246P B2 10-30 <0.1 25.6 - - 0.1 0.2 90
247P B3ca 30-48 <0.1 24,7 - - 0.1 0.2 65
2438P Cl 48-64 <0.1 24.5 - - 0.1 0.2 75
249P G2 64-90 <0.1 29.6 - — 0.3 0.2 65
250P C3 90-152 1.7 24,7 - - 1.0 0.2 80
Kluver North, West Pit
296P Al 0-13 0.2 18.1 13.0 3.6 <0.1 0.4 160
297P Bl 13-24 0.2 20.4 14.3 4.7 <0.1 0.5 180
298P B2 24-40 <0.1 11.5 - —_ <0.1 0.3 115
299P B3 40-50 <0.1 12.3 - - <0.1 0.3 110
300P Cl 50-84 <0.1 10.4 - - <0.1 0.2 65
301p C2 84-114 <0.1 10.2 - - 0.1 0.2 65
302p C3 114-152 0.3 7.1 - - 0.1 0.1 55



70T

TABLE 2.4. CONTINUED.

Sample Depth K
number Horizon (cm) SOy CEC Ca Mg Na (ppm)
Kluver East, South Pit
283P Al 0-10 <0.1 25.5 - - <0.1 0.6 235
284P B2ca 10-20 <0.1 20.6 - - <0.1 0.2 95
285P B3ca 20~-28 <0.1 18.6 - - 0.1 0.1 50
286P Clca 28-46 <0.1 15.4 - - 0.1 0.1 45
287P C2ca 46-108 0.3 10.0 - - 0.1 0.1 35
288P C3 108-152 13.5 10.6 - - 0.8 0.1 40




TABLE 2.5. PRECIPITATION AMOUNTS AT COLSTRIP VICINITY

SITES, 1976 * STUDY
Date Hay Kluver

Coulee East North West
4-15 T
4=21 - —— 0.56 ———
4-23 0.84 _— — ————
4-27 ——— 0.54 ————— ————
4-28 0.64 ——— 0.60 0.66
4-29 0.24 -—— ———— ———
5-05 1.01 1.80 1.78 1.58
5-06 0.02 ——— -—— ————
5-11 0.20 — N S
5-12 0.63 ——— ——— ———
5-14 0.23 0.66 0.80 0.83
5-17 —-——— 0.14 0.25 0.32
5-24 0.03 0.00 0.07 0.20
5-26 0.18 ——— ———— ————
5-29 0.34 ——— ——— —_——
5-31 -—— 0.22 0.36 0.30
6-02 0.03 ———— ——— ————
6-03 —_—— 0.10 0.00 0.01
6~05 0.16 —_———— ———— ———
6-07 0.40 0.68 0.59 ———
6~09 0.15 ——— ——— ————
6-11 0.03 . ——- -
6-13 0.60 —_—— —_——- -——
6-15 1.06 1.57 2.03 2.14
6-17 0.53 ——— ———— -————
6-18 —_—— 0.46 0.46 0.50
6-21 0.46 0.53 0.29 0.23
6-23 0.63 —— ——— ————
6-24 0.03 0.46 0.70 0.97
6-25 0.20 ———- ———= -———
6-28 _— 0.15 0.25 0.21
7-02 0.14 -—== T T
7-05 ———- 0.10 0.04 0.02
7-13 0.30 -——— i -
7-16 - 0.20 0.17 0.14
7-30 ——— 0.40 —m— -
8-03 0.05 —-——- - T T

(continued)
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TABLE 2.5. (continued)

Date Hay Kluver
Coulee East North West
8~16 —_—— —_—— 0.07 0.05
8-19 -—— 0.07 0.00 0.13
8-24 0.04 —_—— —_——— ———
8-26 —— 0.25 0.10 0.10
8-28 0.02 ———— ———— ————
9-03 ——— 0.02 —_——— —
9-07 0.36 0.38 0.33 0.30
9-15 0.03 —_—— ——— —_——
9-20 0.05 ——— 0.02 0.02
9-27 0.22 0.30 0.22 0.07
10-04 0.06 0.09 0.03 0.02
10-06 0.28 —_— —— ————
10-07 0.05 0.18 0.17 0.28
10-18 ——— ~0.65 ¥ =0.65 ¥ =0.65
10-27 0.35 —— ———= ———
11-02 0.01 ——— ——— —_——
11-18 0.03 —— ——— —_———

* Inches accumulated following previous reading

Beginning date of record
Hyphens indicate no reading taken

b

SnIow
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SECTION 3
PLANT COMMUNITY MONITORING
J. E. Taylor and W. C. Leininger
ABSTRACT

Plant community studies have been conducted
near Colstrip since 1974. These include estimates
of species cover, diversity (based on number and
canopy coverage), and phenology. Photographic
records, both aerial and ground-level, also are
being made. Data are collected within the ex-
closures established by the EPA and on three
contiguous relict knolls along Rosebud Creek.

In addition, an aerial photo transect from Col-
strip southeast to Greenleaf Creek is periodi-
cally flown. Graminoids and lichens are the
dominant vegetational components influencing
cover, number, and diversity. The abundance of
annual grasses varies markedly among sites, and
this strongly affects diversity through reduced
equitability. Previous grazing history and vari-
ations in yearly climatic conditions, which are
primarily responsible for the observed differences
in plant species composition, have so far masked
any pollution effects. Our data suggest a pre-
dictive relationship between plant diversity and
range condition. Phenology data have been more
useful in interpreting aerial photography than

in directly monitoring plant community changes.
May and June aerial photo missions were flown
with fixed wing aircraft in 1977. 1In August, the
Colstrip sites were flown at larger scale from a
helicopter. This photography contributes to the
long-term baseline/response record. In addition,
site mapping is proceeding with these photographic
base maps.
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INTRODUCTION

This research was begun 15 July 1974 to monitor bioenvironmental effects

of coal-fired electric generating plants in southeastern Montana. Our
objectives are:

1. To characterize pre-treatment native plant communities in
areas likely to be affected by fossil fuel power plants.

2. To develop measurement techniques and monitor changes in plant
community structure, diversity, phenology and species composi-
tion following air pollution stress.

3. To develop methods which can be used to predict bioenvironmental
changes following fossil fuel power generation in other areas.

The data reported in this section cover only our research activities
in the vicinity of Colstrip, Montana. In addition to four exclosures es-
tablished and maintained by the EPA, three relatively pristine knolls are
being examined (Figure 3.1.). Previous work and study site descriptions
have been summarized by Taylor and Leininger (1977).

MATERTALS AND METHODS

Plant community analysis and photographic monitoring are discussed in
detail below.

Plant Community Analysis

Canopy Coverage

Canopy coverage estimates were made on all study sites in either late
August or early September, 1977. Sample plots within study areas were
located by placing a cord with meter—-spaced knots in a random meandering
pattern through the sample area. Then 2 x 5 dm plot frames were placed at
each knot and canopy coverage estimated using the procedures of Daubenmire
(1959). Two sets (lines) of 25 frames each were sampled.

Species Diversity

The diversity index used was the Shannon-Weaver function (Shannon and
Weaver, 1949):

S . . Where H' = Index of diversity
. Ny Nz _ .
H' = - log, — S = number of species
N 2 N . . )
o1 Nt = number of 7th species
¢ N = total number of all species

For canopy coverage diversity, percent canopy estimates were used.
Canopy coverage and species and individuals per species were recorded for

each frame concurrently. Both kinds of data have been analyzed to character-

ize the species diversity of each study site.
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Figure 3.1. Study sites in the vicinity of Colstrip.

3 = Kluver North,

(1= Hay Coulee,
4 = Kluver East,

2 = Kluver West,
5 = McRae Knolls)
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In addition to diversity, these data were used to calculate evenness
(equitability) and species richness.

Evenness was calculated with the equation of Pielou (1969).

0 Where J' = Evenness
J' = 1o 3 H' = Shannon-Weaver index
g2 S = total number of species

Species richness is the numerical sum of species which were used to
calculate H'.

In order to reduce variances and still be able to calculate standard
errors, data were grouped by five consecutive frame sums (cover) or means
(number) before H' or J' were calculated. S was the total number of species
encountered in each five-frame group.

There were a number of species on the sites which were never encountered
in the diversity samples. A list of all species observed is presented as
Appendix 3.1.

Plant Phenology

Upon each visit to an experimental site, the modal phenological stage

of each identifiable plant species is characterized. The classification

system is shown in Table 3.1.

TABLE 3. 1. PLANT PHENOLOGY INDEX

Pheggizgy Stage of Growth

1 First growth
2 First leaves fully expanded
3 Active vegetative growth
4 Vegetative growth mostly complete
5 Boot stage, first floral buds
6 Exsertion of grass inflorescences, earliest flowers
7 Reproductive culms fully extended
8 Anthesis, full flowering
9 Fruit developing

10 Fruit ripe

11 Dehiscence

12 Vegetative maturity, summer or winter dormancy,

leaf drop, annuals dead

Note: seedlings, basal rosettes, etc., handled in notes; fall greenup
recorded as Code 3.
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Photographic Studies

Ground Level Photography

Ground level photography provides a detailed record of plant species,
phenology, and pathologic signs. This assists in the interpretation of
aerial imagery. Also, vertical ground photo plots may be measured and
analyzed for cover, number, frequency, pattern, and plant volume. Plant
volume, which can be used to estimate biomass, may be obtained by combining
canopy coverage and height, the latter measured with a parallax wedge.
Plant density and pattern also can be studied from these pictures.

At the Hay Coulee and Kluver sites, two photo plots were established in

each exclosure, while one photo plot was placed on each of the three McRae
Knolls.

The photo plots are 1 meter square in area, and are marked for reloca-
tion. Each is photographed in color and black-and-white film emulsions.
Stereoscopic photography is used for ease of plant identification. Most
of the plots have also been photographed with infrared color film. More
details are given by Taylor et al., 1976.

Aspect photographs are made from vantage points within and overlooking
study areas. These are taken with color and infrared color film, the latter
to compare with aerial coverage.

For each photo plot an index of species identification has been pre-
pared. The combination of plot photographs and plot indices makes a permanent
record of species presence and distribution. Sequential records allow the
evaluation of temporal changes.

Aerial Photography

Low level aerial photography gives a more generalized view of plant
species and community distribution, pathology, and cover than does ground
photography. Further, it yields more detail than higher level imagery and
so represents a useful compromise between detail and comprehensiveness of
coverage.

Low level aerial imagery is most practical for making detailed vege-
tation maps, sensing population-level stresses, or any other purposes re-
quiring large scale synoptic views. It also aids in developing interpre-
tations of smaller scale, high level photography (Taylor, 1976).

For our overflights we use a Cessna 182 airplane which can easily
handle the required elevation range of 500 to 7,000 feet above the ground.
The plane we use is leased from Miles City Aero Services, Miles City,
Montana. This aircraft has been modified by the addition of a'30.5 cm
diameter belly port, which accepts a special camera mount, designed and
manufactured by W. E. Woodcock of Miles City (Woodcock, 1976). The @oun?
supports a Hasselblad EL/M motor driven camera (70 mm format). It is fitted
with 50 or 80 mm lenses, depending on the desired photo scale.
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In addition to the mounted camera, a second Hasselblad is used as a
hand camera for making oblique photographs from the air. This kind of
photography supplements the more traditional vertical imagery, in that it
is more representative of familiar aspects of scenes for interpretation,
display, etc.

In August, 1977 we contracted with Hawkins and Power, Greybull, Wyoming,
for a helicopter photo mission over the Colstrip sites. Flying altitudes
ranged from 73 to 218 meters, yielding negative scales from 1:900 to 1:2700.
Color negative film was exposed in hand-held Hasselblad cameras while the
helicopter was slowly traversing the targets. Vertical photography was
achieved with a bubble level attached to the camera back.

Color prints of this coverage will be used as base photographs for
detailed vegetation mapping during the 1978 growing season.

We use three primary film types, with other materials for special
purposes. Our main films are color, color infrared and black-and-white
(H&W VTE Pan). Each of these has advantages for particular use.

RESULTS AND DISCUSSION

Plant Community Analysis

Canopy Coverage

The overall canopy coverage (Figure 3.2., Table 3.2.) varies among sites
primarily because of variations in graminoid and lichen composition. The
dominant influences among all sites are soils and previous grazing inten-
sities.

Graminoids represent the largest component of the total vegetation, and
the most significant for livestock grazing. Little difference is observable
among sites, except for the lower canopy cover on Kluver East and Kiuver
West. Kluver East apparently is still being influenced by its past grazing
intensity, even though it has been excluded from livestock grazing for four
growing seasons. Also, a substantial portion (over 507%) of its graminoid
composition is contributed by crested wheatgrass. Another third is annual
brome grasses. These species are all early season growers, and were present
in reduced abundance at the time of sampling. Xluver West supported a high
population density of grasshoppers in 1977. This influence was apparent in
reduced cover of both graminoids and forbs.

The reason for the striking variation in lichen cover from one site to
the next still is obscure. Lichens will be studied more intensively in the
coming years.

Mosses never have been a significant component of the vegetation on
these sites. Shrubs vary, but this is inherent in the sites, probably
because of edaphic and microclimatic differences.
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TABLE 3. 2. CANOPY COVERAGE (PERCENTAGE) FOR COLSTRIP STUDY SITES, 1977.

McRae McRae McRae
Hay Coulee Kluver West Kluver North Kluver East Knoll A Knoll B Knoll C

SPECIES 31 Aug. 1 Sept. 1 Sept. 2 Sept. 3 Sept. 3 Sept. 31 Aug.
GRAMINOIDS
Agropyron cristatum 19.20
A. smithii 10.95 4,20 3.35 2.65 1.25 2.10 1.65
A. spicatum 7.55
Aristida longiseta .05 .05
Bouteloua gracilis 23.55 2.50 20.50 .65 1.05 8.15 2.20
Bromus japonicus 5.35 1.15 .65 10.40 14.30 .95 18.40
B. tectorum .05 .15 .15 .15 .90
Carex eleocharis .05
C. filifolia .95 14.75 5.75 26. 80
Koeleria cristata 9.45 .15 .30 .35 13.80 .50
Poa sandbergii 4.65 2.30 2.30 1.00 .60 .15 .25
Schedonnardus paniculatus .10
Stipa comata .60 22.90 18.40 .45 19.75 13.80 21.05
S. viridula .30
Vulpia octoflora .05
FORBS
Alyssum desertorum .10 .05
Antennaria rosea .05
Arabis holboellii .05
Aster sp. .05
A. falecatus .05
Astragalus purshii .05
Comandra umbellata .05
Erysimim asperum .05 .15 .05 .05 1.00
Gaura coccined .05 .35 .05 .40

Grindelia squarrosa .10
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TABLE 3.2. (continued)

McRae McRae McRae
Hay Coulee Kluver West Kluver North Kluver East Knoll A Knoll B Knoll C
SPECIES 31 Aug. 1 Sept. 1 Sept. 2 Sept. 3 Sept. 3 Sept. 31 Aug.

FORBES (continued)

Lactuca serriola 3.75

Lomatium sp. .05 .80

Lugodesmia juncea .10 2.05 .05

Mammillaria missouriensis .05

Medicago sativa 1.50

Melilotus officinalis .75

Opuntia fragilis .20 .05

0. polyacantha .75 1.15 .05 .40

Phlox hooditi .05 .30 .80

Polygala alba 1.60

Polygonum viviparum .05

Psoralea argophylla .10

Sphaeralcea coccinea .15 .10 .55

Taraxacum officinale 2.00 .65 .50 .85 .45 .05

Tragopogon dubius 3.85 1.00 6.05 2.30 .35 .95 .10
HALF-SHRUBS AND SHRUBS

Artemisia cana .80 2.85 1.45

A. dracunculus .05 .05

A. frigida 2.80 .05 9.50 3.15 2.80 2.30

A. tridentata 4.20

Atriplex nuttalliz .75

Ceratoides lanata .75 .95

Chrysothamnus nauseosus .30

Xanthocephalum sarothrae .30
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TABLE 3.2. (continued)

McRae McRae McRae
Hay Coulee Kluver West Kluver North Kluver East Knoll A Knoll B Knoll C

SPECIES 31 Aug. 1 Sept. 1 Sept. 2 Sept. 3 Sept. 3 Sept. 31 Aug.

OTHERS
Bare ground 13.25 14.80 22.30 15.15 7.30 23.20 12.85
Litter 73.15 64.75 64 .35 58.10 81.55 58.80 74.15
Moss .80 .10 .05 .05 .45 2.05
Lichens 4.60 11.05 3.20 23.25 2.70 8.40 2.25
Rock .35 1.05 .10 .10 .40 2.40 1.00
TOTAL VEGETATION 75.55 47.75 65.95 64.90 66.60 73.20 80.30
TOTAL GRAMINOIDS 54.90 34.35 45.70 34.40 52.95 51.30 70.85
TOTAL FORBS 6.70 2.00 7.45 4.05 8.10 6.55 2.80
TOTAL SHRUBS 8.55 .05 9.55 3.15 2.85 6.50 2.35




Species Diversity

Inter-site diversity, evenness, and species richness based on canopy
coverage and number are shown in Figure 3.3.

As in the past years, the diversity (cover) at Hay Coulee and Knoll B
is significantly higher than that at the other sites. This tendency does not
appear at Hay Coulee when diversity is based on plant numbers. Furthermore,
number-based diversity is much more variable over all than that derived from
cover. This is attributable to variation in annual grass composition.
Where large numbers of annual grasses are present, evenness is depressed,
resulting in a corresponding reduction in the diversity index.

Species richness varies among sites, with Hay Coulee and Knoll B
having the most species. 1In some instances, notably Kluver North, the low
richness has a dampening effect on diversity, although evenness is high.

The sensitivity of diversity indices to differences in sites and range
condition has been discussed previously (Taylor et al., 1975). When even-
ness and richness are examined individually they follow similar patterns
and help to elucidate diversity trends.

Plant Phenology
Phenological data are presented in Appendices 3.2 and 3.3.

The most intense phenological sampling in 1977 was done on the McRae
Knoll site. We felt that since the Knolls had not received any livestock
use for a number of years, there would be no confounding deferment effect
which all of the other sites have exhibited since they were fenced in 1974.
Further, the Knolls represent a variety of soils, exposures, and plant
communities in a relatively small area. Finally, we had more aerial photo-
graphy and better background data due to a related graduate study on the site.

We have been disappointed in the inability of phenology measurements to
reflect subtle seasonal or annual changes in plant community structure. It
appears that an adequate phenological baseline would require a number of
years to develop, since this parameter is so variable, even in the absence
of substantial stress.

Phenology data have been helpful in explaining some species signatures
in aerial photography. A key of plant species identification based o?
phenological changes in photographic signatures will be completed during
Spring, 1978. This key should be very useful in interpreting aerial photo-
graphy on a variety of sites in the Northern Great Plains.
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Photographic Studies

Ground Level Photography

We are continuing to obtain ground level plot photos and oblique aspect
pictures of each study location. This visual record has proven extremely

useful in corroborating temporal differences detected in quantitative
sampling.

Preliminary photo analysis has suggested that some kinds of quanti-
tative data (cover and density) can be derived with stereoscopic analysis
of photo plots. This work will be expanded in the future.

Aerial Photography

Because of the lack of overt stress signs attributable to air pollution,
the aerial monitoring of the Colstrip sites is limited to one or two obser-
vations annually. The primary wvalue of this photography now is as a con-
tinuing record of any subtle changes which might be occurring. In the event
of cumulative stress sufficient to trigger undesirable vegetational changes,
the rate and nature of such changes will be documented. A list of the aerial

photo coverage of the Colstrip sites is included in the comprehensive list in
Appendix 24.1.

CONCLUSIONS

A record of plant community diversity, cover, and phenology is
continually being collected and refined in the vicinity of Colstrip, Montana.
The native vegetational communities represented at the various experimental
sites are being thoroughly characterized, so that any changes which may occur
due to chronic exposure to air pollutants may be documented.

Thus far, no effects positively linked with air pollution have been
observed. It is quite likely that at the level of stack emissions currently
being received, it will take a number of years before any effects are noted.

Procedures developed here should have wide application in other grass-
land situations where coal-fired power plants are being contemplated or
operated.
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APPENDIX 3.1.

PLANT SPECIES ENCOUNTERED IN COLSTRIP STUDY SITES, 1974 - 1977.

Hay Kluver Kluver Kluver McRae McRae McRae

SYMBOL SPECIES Coulee East West North Knoll A Knoll B Knoll C
GRAMINOIDS

AGCR Agropyron cristatum X X

AGSM A. smithii X X X X X X X
AGSP A. spicatum X X X X
ARLO Aristida longiseta X X X X X X X
BOCU Bouteloua curtipendula X
BOGR B. gracilis X X X X X X X
BRJA Bromus Jjaponicus X X X X X X X
BRTE B. tectorum X X X X X X X
CAMO Calamagrostis montanensis X X X

CALO Calamovilfa longifolia X X X X X
CAREX Carex species X X X X
CAEL C. eleocharis X

CAFI C. filifolia X X X X X X X
KOCR Koeleria cristata X X X X X X X
MUCU Muhlenbergia cuspidata X

ORHY Oryzopsis hymenoides X

POA Poa species X

POPR P. pratensis X X X X

POSA P. sandbergii X X X X X X X
SCPA Schedonnardus paniculatus X X

SCSC Sehizachyrium scoparium X X X X
SPCR Sporobolus cryptandrus X X X

STCO Stipa comata X X X X X X X
STVI S. viridula X X X

vuocC Vulpia octoflora X X X X X X X
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APPENDIX 3.1. (continued)

Hay Kluver Kluver Kluver McRae McRae McRae

SYMBOL SPECIES Coulee East West North Knoll A Knoll B Knoll C

FORBS
ACMI Achillea millefolium X X X X X
AGGL Agoseris glauca X
ALTE Allium textile X X X X X
ALDE Alyssum desertorum X X
AMPS Ambrosia psilostachya X X
ANOC Androsace occidentalis X X X X X X X
ANPA Anemone patens X
ANTEN Antenmnaria species X X X X X X
ANRO A. rosea X
ARHO Arabis holboellii X X X X X
ARLU Artemista ludovieiana X
ASTER Aster species X X X X X
ASCA A. campestris X
ASFA A. falecatus X
ASTRA Astragalus species X X
ASCR A. crassicarpus X X X X
ASGI A. gilviflorus X
ASPU A. purshii X
ASST A. striatus X
CANU Calochortus nuttallii X X X X X X X
CASE Castilleja sessiliflora X X
CEAR Cerastium arvense X X
CIUN Ctrsium undulatum X X X X
COLI Collomia linearis X X X X
COUM Comandra umbellata X X
COCA Conyza canadensis X X X X X
CREPI Crepis species X X X
CRYPT Cryptanthe species X
DEBI Delphinium bicolor X X X X
DESCU Descurainia species X X
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APPENDIX 3.1. (continued)

Hay Kluver Kluver Kluver McRae McRae McRae

SYMBOL SPECIES Coulee East West North Knoll A Knoll B Knoll C

FORBS (cont.)
DRABA Draba species X X X X X X
ECPA Echinacea pallida X X X
ERIGE Erigeron species X X X
ERDI E. Divergens X X X
ERPU E. pumilus X X X
ERAN Eriogonum annuum X X
ERAS Erysimum asperum X X X X X X X
EVPI Evolvulus pilosus X X X
GACO Gaura coccinea X X X X X X X
GRSQ Grindelia squarrosa X X X X
HASP Haplopappus spinulosus X
HEHI Hedeoma hispida X X X X X X X
HEVI Heterotheca villosa X X X
HYFI Hymenopappus filifolius X
LAPU Lactuca pulchella X
LASE L. serriola X X X X X X
LEPID Lepidium species X X X X X X
LEDE L. densiflorum X X X X
LEMO Leucocrinum montanum X X X X X X
LIPU Liatris punctata X X
LIPE Linum perenne X X X X
LIRI L. rigidum X X X X X
LIIN Lithospermum incisum X
LIRU L. ruderale X
LOMAT Lomatium species X X
LOOR L. orientale X X X X
LYJU Lygodesmia juncea X X X X X X
MAMI Mammillaria missouriensis X X X X X X
MESA Medicago sativa X X X
MEOF Melilotus officinalis X X X X X X
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APPENDIX 3.1. (continued)

Hay Kluver Kluver Kluver McRae McRae McRae

SYMBOL SPECIES Coulee East West North Knoll A Knoll B Knoll C

FORBS (cont.)
MILI Mirabilis linearis X
OESE Oenothera serralata X
OPUNT Opuntia species X
OPFR 0. fragilis X X X X X X
OPPO 0. poZyacantha X X X X X X X
ORLU Orthocarpus luteus X
OXYTR Oxytropis species X X X
PENST Penstemon species X X X X
PEAL P. albidus X X X X
PEPU Petalostemon purpureum X X
PHLOX Phlox species X X X
PHHO P. hooditi X X X X X
PLPA Plantago patagonica X X X X X X
PLSP P, spinulosa X X
POAL Polygala alba X X X X
POVI Polygonum viviparum X
PSAR Psoralea argophylla X X X X X X X
PSES P. esculenta X
RACO Ratibida columnifera X X X X X
SENEC Senecto species X
SECA S. canus X X X X
STAL Sisymbrium altissimum X X X X
SOLID Solidago species X X X X
SOMI S. missouriensis X X X X X X
S00C S. occetdentalis X
SPCO Sphaeralcea coccinea X X X X X X X
TAOF Taraxacum officinale X X X X X X X
TRDU Tragopogon dubius X X X X X X X
VINU Viola nuttallii X

YUGL Yucea glauca X X X
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APPENDIX 3.1. (continued)

Hay Kluver Kluver Kluver McRae McRae McRae
SYMBOL SPECIES Coulee East West North Knoll A Knoll B Knoll C

FORBS (cont.)
ZYVE Zygadenus venenosus X X X

HALF-SHRUBS AND SHRUBS

ARCA Artemisia cana X X X X X X
ARDR A. dracunculus X X X X X X X
ARFR A. frigida X X X X X X X
ARTR A. tridentata X X X X

ATCA Atriplex canescens X

ATNU A. nuttallii X

CELA Ceratoides lanata X X X X

CHNA Chrysothamus nauseosus X

JUSC Juniperus scopulorum X

PRVI Prunus virginianda X X
RHTR Rhus trilobata X X X
ROSA FRosa species X

XASA Xanthocephalum sarothrae X X X X X




APPENDIX 3.2.

PHENOLOGICAL PROFILE FOR COLSTRIP VALIDATION SITES, l977£/

PHENOLOGICAL CODE

Hay Coulee Kluver West Kluver North Kluver East

SPECIES 3 Sept. 1 Sept. 1 Sept. 2 Sept.
GRAMINOIDS

Agropyron cristatum 11 & 3

A. Sméthii 3& 12 10 11 12

A. sprcatum 12

Aristida longiseta 11 12 11 11

Bouteloua gracilis 12 12 11 11

Bromus Japonicus 12 12 12 12

B. tectorum 12 12 12

Calamovilfa longifolia 11

Carex filifolia 3 12 12

Koeleria cristata 3 & 12 12 12 12

Poa sandbergii 3& 12 12 12 12

Schedonnardus paniculatus 4

Sporobolus cryptandrus 12 11

Stipa comata 3 12 12 12

S. viridula 3 12
FORBS

Achillea millefolium 3 & 12 12

Alyssum desertorum 12 12

Ambrosia psilostachya 11

Antennaria species 12 12

Asclepias verticillata 3

Aster gpecies 10

Astragalus drummondii 12

A. purshii 12

Calochortus nuttallit 12 12

Chaenactis douglasit 12

Chenopodium album 11

Cirsium undulatum 3 & 12 3& 11 3 & 11

Erigeron divergens 8 & 11

Eriogonum annuum 8

Erysimum asperum 3 & 12 12 12 3

Evolvulus pilosus 12 12 12

Gaura coccinea 12 12 12 12

Grindelia squarrosa 8 8 3& 8 8

Heterotheca villosa 12

Lactuca serriola 11 12

Linum perenne 12 12

— Codes are given on p.l1l10.
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APPENDIX 3.2. (continued)

PHENOLOGICAL CODE

Hay Coulee Kluver West Kluver North Kluver East
SPECIES 3 Sept. 1 Sept. 1 Sept. 2 Sept.

FORBS (cont.)

Lomatium species 12

Lygodesmia juncea 12 9
Mammillaria missouriensis 12

Melilotus officinalis 12

Opuntia fragilis 12 12 12 12
0. polyacantha 12 12 12
Penstemon species 12

Phlox hoodii 12

Plantago spinulosa 12

Polygala alba 12

Polygonum viviparum 11

Psoralea argophylla 12 12

Ratibida columnifera 12 12
Senecio canus 12

Sisymbrium altisstimun 12
Solidago missouriensis 9

Sphaeralcea coccinea 12 12

Taraxacum officinale 3 & 12 3 & 12 3 3
Tragopogon dubius 3 & 12 12 12 3&12
Artemisia cana 9 10

A. dracunculus 9 6 10

A. frigida 9 6 10

A. tridentata 9

Ceratoides lanata 10 11

Prunus virginiana 12

Xanthocephalum sarothrae 8
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PHENOLOGICAL PROFILE FOR McRAE KNOLLS, 1977 —

APPENDIX 3.3.

PHENOLOGICAL CODE

(Pooled for 3 Knolls)

April April June  June July Sept.
SPECIES 14 27 3 27 3
GRAMINOIDS
Agropyron smithii 1 3 3 4 3 & 12
A. spicatum 1 3 6 7 11 12
Aristida longiseta 1 1 A 7 10 11
Bouteloua curtipendula 3 10 11
B. gracilis 1 2 3 3 11 12
Bromus sp.* 2 3 3
B. inermis 2 3 5 8 11 11-12
B. Jjaponicus 6 10 11 12
B. tectorum 6 11 12 12
Calamovilfa longifolia 12 1 3 3 8 9
Carex filifolia 4 8 10 11 12 3
Elymus canadensis 9
Koeleria cristata 3 A 8 10 11 3
Muhlenbergia cuspidata 3 3 8 9
Oryzopsis hymenoides 6 10 11 12
Poa pratensis 2 3 8§ 11 12 12
P. sandbergii 3 4 8 11 12 3& 12
Schizachyrium scoparium 12 12 3 3 7 11
Sporobolus cryptandrus 3
Stipa comata 1 3 6 9 11 3 & 12
S. viridula 1 3 5 9 12 12
Vulpia octoflora 7 12
FORBS
Achillea millefolium 1 3 7 9 10 12
Allium textile 3
Ambrosia psilostachya 12 12 3 3 5 9
Androsace occidentalis 1 5 12 12 12 12
Antennaria sp. 4 12 12 12
Arabis holboellii 10 11 12 12
Artemisia ludovietiana 12 3 3 3 5 9

* Includes B. japonicus and B. tectorum, which were indistinguishable on

some dates.

1/

" Codes are given on p.110.
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APPENDIX 3.3.  (continued)
PHENOLOGICAL CODE

April April June June July Sept.

SPECIES 14 27 3 27 22 3
FORBS (cont.)

Asclepias sp. 11
Aster campestris 8
A. falcatus 12 12 A A 5 9
Astragalus crassicarpus 3 9 10-11 12
A. gilviflorus 2 3 A 12
A. purshii 9
Calochortus nuttallit 6 9 12 12
Camelina microcarpa 9 9 12 12
Campanula rotundifolia 8
Castilleja sessiliflora 7
Chaenactis douglassit 5 9 10 12
Chenopodium album 8 12
Cirsium undulatum 1 3 3 1 & 3& 10 3 & 12
Cleome serrulata 10
Comandra umbellata 2 5 5 9 12 12
Crepis sp. 1 3 9 12
Cryptanthe bradburiana 8
Delphinium bicolor 3 7
Echinacea pallida 12 1 4 8 9 12
Erigeron divergens 7 8
Eriogonum annuun 3 3 8
E. multiceps 2 3 3 4 8
Erysimum asperum 3 5 9 10 3& 12
Evolvulus pilosus 4 12
Gaura coccinea 6 / 12 12
Gilia congesta 12 12
Grindelia squarrosa 1 2 3 4 5 8
Heliagnthus annuus 8 10 11
Heterotheca villosa 1 1 4 6 8 9
Lactuca pulchella 2 3 3 10 12
L. serriola 12 2 3 3 10 12
Leucocrinum montanum 4 A 12 12 12 l;
Liatris punctata
Linum peienne 710 }g }i
L. rigidum 10 12
Lithospermum incisum 5 J ’ 12
Lomatium orientale 6 8 1L 12 iO 10
Lygodesmia juncea > 8 10 11
Medicago sativa L 3 > /
Melilotus of ficinalis 12
Musineon divaricatum 6 8 12

129



APPENDIX 3. 3. (continued)

PHENOLOGICAL CODE

April April June June July Sept.

SPECIES 14 27 3 27 22 3
FORBS (cont.)
Oenothera serrulata 6 9 10
Opuntia fragilis 12 12
0. polyacantha 12 2 5 6 10 12
Oxytropis sp. 12 12
0. besseyi 1 3 7 8 11 12
0. lambertiti 1 2 5 10 12 12
Penstemon sp. 1
P. albidus 7 9 12 12
Petalostemon purpureum 5 7 9 11
Phlox hoodii 6 9 12 12
Plantago patagonica 12
Polygala alba 2 7 8 11 3 & 12
Potentilla sp. 2 2 4 7
Psoralea argophylla 12 5 8 11 12
P. tenuiflora 5 8 10 12
Ratibida columnifera 2 5 7 10 11
Smilacina sp. 10
Solidago missouriensis 1 3 3 4 7 9
S. mollis 9
S. occidentalis 1 2 3 3 6 8
Sphaeralcea coccinea 6 8 12 12
Taraxacum officinale 2 7 12 12 12 3& 12
Tradescantia occidentalis 3 6 12 12
Tragopogon dubius 2 3 7 12 3&12 3& 12
Vicea americana 12
Viola nuttallii 5 10 12
Yuecea glauca 1 3 5 10 11 12
Zygadenus venenosus 2 A 9 10 12 12
HALF-SHRUBS AND SHRUBS

Artemisia cana 1 3 3 3 5 9
A. dracunculus 1 3 3 4 6 9
A. frigida 1 3 3 3 5 9
4. tridentata 1 3 3 3 5
Atriplex nuttallit 4 9 10
Ceratoides Llanata 1 3 7 8 9 10
Chrysothammus nauseosus 1 3 3 3 6 8
Rhus trilobata 1 5 9 10 10 11
Ribes aurem 1 6 9 9 10 12
R. setosum 12 12
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APPENDIX 3. 3. (continued)

PHENOLOGICAL CODE

April April June June July Sept.
SPECIES 14 27 3 27 22 3

HALF-SHRUBS AND SHRUBS (cont.)

Rosa arkansana 4

R. woodsii 1 2 7 9 10 10
Symphoricarpos occidentalis 12 1 5 8 9 10
Xanthocephalum sarothrae 1 2 3 3 5 8

TREES

Acer negundo 12 2 8 12 12 12
Amelanchier alnifolia 7 9 12 12
Fraxinus pennsylvanica 12 2 3 3 12 12
Juniperus scopulorum 9 12 12
Populus deltoides 12 12 12
Prunus virginiana 1 3 9 9 10 11
Shepherdia argentea 1 2 3 3 10 12
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SECTION 4

SUMMARY OF OBSERVATIONS OF USNEA HIRTA AND
PARMELTA CHLOROCHROA IN THE COLSTRIP AREA, 1974-77

S. Eversman

ABSTRACT

In this portion of the lichen project, I have been
monitoring the respiration rates, total sulfur content,
percentage of algal plasmolysis, and general thallus
appearance of two lichen species since 1974. The res-
piration rates of Usnea hirta (L.) Wigg. and Parmelia
chlorochroa Tuck. samples rose significantly in Sep-
tember, 1977, compared to previously collected samples.
Usnea hirta demonstrated a small decrease in relztive
absorbance of light by chlorophyll from 1975 to 1977.

INTRODUCTION

The objectives of this portion of the lichen project have been to:
1) identify baseline lichen community information for the grassland and
ponderosa pine vegetation types; 2) establish baseline anatomical and
physiological conditions of two native lichen species, Usnea hirta (L.) Wigg.
and Parmelia chlorochroa Tuck., and 3) continually monitor the species and
communities to detect changes in them that may be attributable to
coal-burning power plants.

The major epiphytic lichen on the ponderosa pine tree is Usnea hirta.
A major terricolous lichen is Parmelia chlorochroa. I have collected and
stored samples of these lichens since 1975, recording respiration rates,
percentages of plasmolyzed algal cells and general thallus condition, and
determining sulfur contents. In 1977, chlorophyll absorption was also

measured.

In addition to analysis of indiv.dual samples, I have been annually
recording terrestrial community composition using a point-drop method
(Eversman, 1978) in designated exclosure in the Colstrip area. Epiphytic
lichen communities on the ponderosa pine sites in the Colstrip area and in
parts of the Custer National Forest have been determined by recording per-
centage of epiphytic lichen coverage on tree trunks by species.
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Traditionally, epiphytic community analyses in polluted areas have
indicated disappearance of lichens (and mosses) in areas close to a polluted
source, with progressive reappearance of species as distance from the source
increases. The ponderosa pines in the immediate Colstrip area, i.e., within
1-20 km, support a very sparse epiphytic community compared with are;s of the
Custer National Forest to the south and east. This was true before the
power generating plants were constructed. Therefore, a completely community-
oriented approacu has been impractical. Emphasis has been, and will continue
to be, on the characteristics of individual lichen species, with comparisons
between years and with results from the 802 fumigation studies (ZAPS sites).

MATERTALS AND METHODS

The sites and methods have been described previously (Eversman, 1977).
Three ponderosa pine sites, P17, P18, and P19, were added in 1977; site P9
was deleted. Usnea hirta samples from site P10 were transplanted to the new
sites in April, 1977, and samples were collected in September, 1977. I
collected Parmelia chlorochroa from the four primary grassland sites and

Usnea hirta from the ponderosa pine sites in July and September each year
(Figure 4.1).

Respiration rates were determined manometrically for all samples
collected 1975-77. Chlorophyll extract absorbance was determined for
300-mg samples by making three 3-ml methanol extractions, adding methanol
to 10 ml, then reading absorbance on a Beckman DU spectrophotometer at
665 nm. Algal cell counts are made by making 3 microscope slides of lichen
thallus, and counting 100 cells on each slide recording the numbers of
plasmolyzed algal cells.

RESULTS AND DISCUSSION

This report includes only results of individual species analysis from
1977 that can be compared with 1974-76 information and with the ZAPS sites
results.

Table 4.1 gives annual readings of respiration rates of Parmelia .
chlorochroa samples by grassland site. Analysis of variance of most sites
indicated that the samples collected September 1977 had a significantly .

(P < .01) greater respiration rate than samples collected at any other time.
A comparison of all samples grouped by month and year indicated that res-
piration rates of P. chlorochroa samples collected from the ground on the
ZAPS sites and from the grassland sites showed no significant differences
among ZAPS and field sites in 1975 and 1976.

Comparisons of relative chlorophyll absorbance at 665 nm (Téble 4.2) of
field samples and those from ZAPS sites (10-cm height, ZAPS I site,September,
1977, Table 17.7) indicated that the field sample chlorophyll ?ontent,
except for Kluver East and Hay Coulee samples, was generally blgbe? than
chlorophyll content of those of ZAPS samples. The?e was no significant
difference among field (Colstrip area grassland) sites.
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TABLE 4.1.

RESPIRATION RATES OF PARMELIA CHLOROCHROA SAMPLES COLLECTED FROM

GRASSLAND SITES 1974-1977.

) Collection
Location Numb ~% CI +
umber Dates X .95 ANOVA F
Gl. Hay 1 7-20-74 314 35 8 4217563 83.87
Coulee 2 8-30-74 332 68 S
3 6-26-75 215 31
4 5-14-76 458 53
5 7-16-76 290 47
6 9-15-76 274 55
7 7-07-77 310 72
8 9-13-77 585 85
G2. McRae 1 9-15-76 341 52 21 0.070
Knolls 2 7-07-77 367 420 -
G3. Kluver 1 7-21-74 218 25 7542361 21.15
West 2 7-07-75 293 36
3 7-16-76 272 26
4 9-15-76 302 37
5 6-20-77 505 408
6 7-17-77 252 67
7 9-13-77 561 586
G4. Kluver 1 7-21-74 342 29 6 g_; 543 112.49
North 2 7-07-75 349 26
3 7-16-76 242 9
4 9-15-76 262 85
5 7-07-77 314 104
6 9-13-77 556 127
G5. Kluver 1 7-21-74 227 54 634251 35.55
East 2 6-26-75 317 50 B—
3 7-14-76 322 65
4 9-15-76 321 98
5 7-07-77 301 209
6 9-13-77 512 75
Other
Kluver NE-1 9-13-77 606 129
BNW #2 9-13-77 420 127
Kluver E-1 9-13-77 546 455
Pasture 5-14-76 371 86

*

Respiration rates are expressed as mean ul O2

with + .95 confidence interval.

.'- » .
Results of one-way analysis of variance
not sharing the same underline are signi
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(ANOVA) and the F value.
ficantly different (P < .05).

consumed g-hr_l, of 3 samples

Samples
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TABLE 4.2. RELATIVE ABSORBANCE AT 665 nm LIGHT BY CHLOROPHYLL EXTRACTS OF PARMELIA CHLOROCHROA AND

USNEA HIRTA SAMPLES COLLECTED 1975-1977 FROM GRASSLAND AND PONDEROSA PINE SITES.

Usnea hirta

Parmelia chlorochroa

Coll?ction _x I Coll?ction _ cT
Site Date X .95 Site Date X .95
East Otter Creek 9-15-75 273 .219 Kluver West 6-25-75 .154 .228
9-15-75 .258 .051 6~23-77 .204 .043
3-25-77 211 . 086 9-13-77 .162 .065
SEAM 1 7-16-75 .294 .086 Kluver North 6-25-75 .075 .034
7-06-77 .230 .125 9-13-77 176 . 043
7-06~-77 246 .116
SEAM 2 7-16-75 .373 .030 Kluver East 6-25~76 .081 .052
7-06-77 221 .034 9-14-77 112 .034
Home Creek Butte 7-16-75 .251 .095 Hay Coulee 5-14-76 .103 . 034
9-15-77 . 240 .010 7-07-77 .108 .060
9-14-77 .149 .060
Ft. Howes - tr 9-15-76 .223 146
- tr 8-17-77 .243 .138 ZAPS 1T A 9~14-77 .039 .034
nat 8-17-77 .188 .095 B 9w14-77 .116 .006
C 9«14«77 .066 .051
Poker Jim - tr 9-15-76 .168 .069 D 9«14-77 .031 0
nat 7-06-77 .156 .056
tr 7-06-77 .120 .077 Other Sites
Kluver NE-1 9-13-77 .232 .102
MVS - nat 9-17-75 .213 .013 Kluver E-1 9-13-77 124 .069
nat 7-07-77 .378 142
tr 7-07-77 174 . 047

Values are given as mean relative absorbance of 3 samples with * .95 confidence interval



Table 4.3 gives respiration rates for Usneq hirtg samples from 18
ponderosa pine sites, with analysis of variance for most sites between years
of collection. Site P10 (East Otter Creek) and P15 (Fort Howes Ranger
Station) are considered to be the control sites. The ground-slope of P10
faces southeast, away from the power plant; Fort Howes is a north-facing

slope separated by many hills from the power plants.

Other sites are ridges
facing Colstrip.

The latest collection at each site, generally September 1977, has the
highest rate of respiration for most of the sites. These sites, including
grassland sites, are clustered in the Colstrip area, and extend to the
southeast for 70 km. Analyses of variance give these results: 1) Field
samples from all sites in July and September 1975, 1976, and 1977, have
significantly higher respiration rates than samples from ZAPS D (I and II).
2) In 1975 and 1976, there are significant differences between field sites
and samples from ZAPS C, I and II. The results are less clear-cut in 1977.
Part of this is because of the indistinct differences obtained on the ZAPS
sites, plots B and C (Table 17.6). 3) There are no regular or significant
differences between samples from ponderosa pine sites and those from ZAPS A
and B. Samples from the immediate Colstrip areas, P17, P18, and P19, ex-
hibited the same sharp increase in respiration rate obtained on ZAPS I-B
and II-A sites. This is interpreted as a stress response, but whether
or not it is due to transplanting stress, of 802 or both, is not yet certain.

Results of chlorophyll absorption determinations of U. hirta in 1975-
1977 are in Table 4.2. There seems to be a general area-wide decrease,
but not significant, in chlorophyll absorption from 1975-1977. The total
mean values decreased from 0.277 in 1975, to 0.211 in 1976, to 0.207 in
1977.

CONCLUSTONS
There may be indications of stress on lichens in the Colstrip area.
There are sharp respiration rate increases in September 1977 in both

Usnea hirta and Parmelia chlorochroa samples collected at sites closest to
Colstrip, and a general decrease in chlorophyll absorption in U. hirta.
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TABLE 4.3 RESPIRATION RATES OF USNEA HIRTA SAMPLES COLLECTED FROM

PONDEROSA PINE SITES 1975-1977.

iCollection s
Location Number Date X CI.95 ANOVA T P
Pl. Sarpy 1 9-15-75 | 640 30 321 0.93
Creek 2 9-16-76 | 658 323
3 9-12-77 | 694 380
P2. Castle 1 9-15-75 | 640 30 132 8.71
Rock * 2 9-14-76 | 499 214 —
3 9-12-77 | 588 124
P3. Kluver 1 7-08-77 | 620 221 12 0.50
NE-1 # 2 9-13-77 | 660 57
P4. Kluver 1 9-15-75 | 640 30 3412 2.49
E-1 # 2 9-15-76 | 573 133
3 7-07-77 | 645 77
4 9-13-77 | 642 62
P5. McRae 1 9-13-75 | 640 30 21 8.04
Hill % 2 9-13-77 | 750 271
P6. Kluver 1 7-16-78 | 669 124 | 1234 6. 28
West 2 9-15-76 | 633 132 |
trees 3 9-13-77 600 5 5
4 6-20-77 | 519 127 |
3
P7. Diamond 1 6-23-76 | 744 112 i 12 3 3.76
Ranch 2 : 6-23-77 | 629 80
Buttes ¥ 3 | 6-23-77 | 578 298
P8. Morning 1 9-15-75 | 640 30 231 4.03
Star 2 9-19-76 | 828 153
View # 3 7-07-77 | 643 134
native 1 7-07-77 728 75
P10. East 1 £ 3-23-76 | 709 84 21453 12.57
Otter 2 | 6-23-76 | 744 112 —
Creek 3 . 7-15-76 463 142
(transplant 4 . 8-09-76 | 668 102
source) 5  9-15-76 633 132
1 4-27-77 | 743 159 142635 3.85
2 L 6-21-77 | 695 112
3 . 7-07-77 | 620 100
4 | 8-04-77 | 735 99
5 f 8-16-77 | 516 27
6 9-15-77 | 681 136
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TABLE 4.3 (Cont.)

Collection

Location Number Date i* CI. F
P1l. Seam 1 7-16-75] 545 25 442
Site 1 2 7-15-76 | 454 27
3 7-06-771 746 94
P12. Seam 1 7-16-75; 548 18 .59
Site 2 2 7-15-76 | 497 119
3 7-06-77 i 629 62
P13. Home 1 7-16-75} 462 38 .17
Creek 2 7-15-76 1 486 119
Butte 3 9-15-77 ! 765 244
Pl4. Three 1 7-16-75| 528 25 .05
Mile 2 8-09-76 | 667 189
top 3 9-15-76 | 692 80
bottom 1 7-16-75§ 539 43 .51
2 8-09-76 | 547 99
3 9-15-76 | 500 215
P15. Fort 1 5-13-75| 829 42
Howes 2 9-15-76 ! 597 107 1432 .63
transplants 3 6-21-77 } 675 52
| 4 8-17-77 | 688 119
natives é 1 5-13-75 493 54 24153 .13
§ 2 5-14-76 | 576 281
| 3 9-15-76 | 479 124
4 6-21-77 { 543 99
5 8-17-77 : 487 119
P16. Poker Jim 1 9-15-75 | 640 30 .90
Butte 2 9-15-76 i 669 185
transplanty 3 7-06-77 | 615 144
natives 1 7-17-75 | 630 52 24135 .03
2 5-13-76 { 794 456
3 7-16-76 | 610 77
4 9-15-76 | 654 129
5 7-06~77 | 452 47
P17. BNW x 1 4-27-77 | 743 159 21 .84
#1 2 9-13-77 | 964 395
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TABLE 4.3. (Cont.)

! !
t
. !
Collection x I , ANOVA+ P
Location Number Date X .95
P18. BNW 1 4=-27-77 743 159 231 9.06
# 2 2 9-13-77 1006 55
F19. BNW 1 L=27-77 743 159 21 4,21
# 3 2 9-13-77 935 387
|

Location P9 abandoned after serving as source for 1975 transplants.

Respiration rates are expressed as ul 0, consumed g—hr_l, the mean of 3
samples with + .95 confidence interval %CI).

Results of one~-way analysis of variance (ANOVA) and the F value. Samples
not sharing the same underline are significantly different (P < .05).

Transplants from East Otter Creek site.
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SECTION 5
FOLIAR PATHOLOGIES OF PONDEROSA PINE NEAR COLSTRIP

C. C. Gordon, P. C. Tourangeau, P. M. Rice
ABSTRACT

The growth/health/damage characteristics of four
different years of pine foliage collected during 1977
at "pristine" and chronically-polluted sites are
compared and discussed. Growth characteristics of
needle cross-sectional areas and needle lengths are
compared within and between sites via anova, Fluoride
and sulfur concentrations found in needles and
fascicular sheaths from 1977 pine foliage samples are
compared with the findings of 1975 and 1976 studies
reported in the EPA Third Interim Report (TIR).
Similar data obtained from four ponderosa pine-
skunkbush sites being studied with DOE funding in
southeastern Montana are also reported.

Data are presented on the growth/health/damage
characteristics, such as needle mottling, tip necrosis,
and insect damage on pine foliage exposed for different
time periods in chronically-~polluted areas. This portion
of our study demonstrates that all air pollution damage
symptoms manifested by the pine foliage being studied
can be and are mimicked macroscopically by abiotic and
biotic causal agents in pristine enviromments. The
foliar symptoms being measured over time are shown to
increase or decrease in comparison to those found in

pristine areas.

A discussion is presented on a tentative concep-
tual model of chronic air pollution damage to conifer
species, This model is based on sulfur and fluoride
levels in different-aged foliage, as well as on the
increases and decreases of average amounts of growth/

health/damage characteristics of pine foliage over
extended exposure periods.

Fluoride levels found in the foliage of understory
species from the ponderosa pine-skunkbush sites are

also reported.
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INTRODUCTION

This portion of our EPA-CERL-sponsored studies (Corvallis, Oregon,
Environmental Research Laboratory) in southeastern Montana discusses the
implications of the growth/health/damage characteristics of ponderosa pine
foliage collected from permanent sites located at various distances from
Colstrip, Montana, the site of two 350 MW power plants. Our study also
includes the determination of sulfur and fluoride levels in this foliage and
selected understory species of shrubs, forbs, and grasses. Quantification of
the growth/health/damage characteristics of ponderosa pine foliage collected
from other polluted and pristine ecosystems have rarely been reported in the
scientific literature before studies were initiated in southeastern Montana;
in fact, according to the literature, these characteristics were only occa-
sionally measured and quantified for any coniferous species.

It was our original hypothesis that if the growth/health/damage charac-
teristics of ponderosa pine foliage from southeastern Montana could be
established and quantified before the two Colstrip 350 MW units began oper-
ating in late 1975 and mid-1976, any impacts from the chronic levels of the
power plants' gaseous and particulate emissions upon the foliage could be
ascertained in the future. Ponderosa pine is the dominant tree species in
southeastern Montana and is the only one utilized for timber production
throughout the area. Its susceptibility to phytotoxic gases such as S0y, O3,
HF, and/or combinations of these gases has been well established by the field
studies of Katz and McCallum (1939), Scheffer and Hedgcock (1955), Compton
et al. (1960, 1968), Carlson (1974), Carlson and Dewey (1971), Evans and
Miller (1972), Treshow et al. (1967), Cobb et al. (1968), Gordon (1974),
Miller et al. (1977), and Tourangeau et al. (1977).

Although all of these investigators have studied ponderosa pine as a
bioindicator of air pollution impacts, quantification of the effects upon
foliage has been limited. For instance, the ongoing studies of Miller et «l.
(1977) in the San Bernardino National Forest demonstrate that air pollution
impacts have reduced the growth of 30-year-old ponderosa pine by 837 in areas
with the highest ozone concentrations. This study has not yet established
several foliar pathologies (tip necrosis, basal scale, basal necrosis, mottle,
insect and fungal damage), quantified measurements of needle retention, or
determined the concentrations of phytotoxic gases such as sulfur and fluoride
in foliage. 1If these are not quantified for the San Bernardino ponderosa
pines in both non-impacted and impacted areas, all measured effects (annual
increment growth) could eventually be attributed primarily to oxidants
without differentiation from other abiotic agents or natural attrition, all
of which can cause one or more of the many foliar pathologies found in
pristine and/or polluted areas.

Ponderosa pines in the San Bernardino National Forest are retaining only
two years of foliage (Miller et al., 1977), which represents only a 17+ month
exposure period from candle stage. This is approximately 43 months less than
the average needle retention time of ponderosa pine in southeastern Montana,
an area with much less rainfall. Without quantification of foliar pathologies
and chemical analysis of different-aged foliage (different exposure time),
there is absolutely no way to distinguish between impacts of the different
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causal agents (phytotoxic gases, acidic precipitation,

2 : fungal and i
foliar infestations, & nsect

: and natural abiotic agents such as frost, drought, and
mineral deficiencies) in order to determine the relationship between v,
chronic concentrations of phytotoxic gases in the ambient ai
upon the forest ecosystem.

arying
r and impacts

A good example of the need to quantify baseline sulfur levels in
ponderosa pine foliage to determine chronic air pollution impacts is Katz and
McCallum's (19329) study in the smelter town of Trail, B.C. They carried out
extensive controlled 50, fumigation on two conifer species (ponderosa pine
and Douglas-fir) in Summerland, B.C., 100 miles west of Trail, B.C., to
determine the impacts of different concentrations of S09 at varying durations.
They revorted an average baseline sulfur level (prior to fumigation) of 600
to 700 ppm, with a range of 200 to 1,100 ppm, for the three different-aged
foliage (one-, two-, and three-year) of ponderosa pine being tested.

In their field studies around Trail, B.C., and 90 miles south along the
Columbia River in Washington, Katz and McCallum reported average sulfur
concentrations in the oldest foliage (three-year) ranging from 5,000 ppm
(10 miles from Trail) to 1,200 ppm (78 miles from Trail), with an average of
1,500 ppm (90 miles downwind of the smelter). This average level of sulfur
90 miles south of the smelter was more than two times higher than concen-
trations found in pine foliage from the Summerland, B.C., area. But the fact
that foliage pathologies attributable to the air pollution problem were not
quantified during the seven-year study allowed the investigators to assume
they had a control area in their annual growth increment studies before and
after the smelter "abated its emission.'" If they had carried out needle
pathology work to quantify needle retention, tip necrosis, mottle, basal
necrosis, and insect and fungal damage, they would have realized that they
were actually comparing annual incremental growth of foliage from acute and
chronic fumigation zones and that they had no control zone except at
Summerland, which they didn't utilize for their control growth studies.

Basically, there is not a single pre- or post-air pollution investi-
gation in the literature today which reports conifer growth/health/damage
characteristics as bioindicators of air pollution impacts. Our past and
current studies (1976, 1977) in southeastern Montana adequately demonstrate
that the damage characteristics of pine foliage, such as needle tip necrosis,
mottle, basal necrosis and scale, and insect and fungal damage, occur
naturally in pristine environments. Any increase Or decrease of these
characteristics cannot be ascertained after the advent of air pollution
unless they were quantified prior to the impact and unless one recognizes
that air pollution damage to pine foliage is mimicked by other causal agents.

We maintain ponderosa pine-skunkbush sites in the immediate viciniFy of
the two 350 MW coal-fired power plants at Colstrip as well as several.mlles
downwind (80 km) (Figure 5.1). These sites were established on t?e highest
terrain believed to be most likely impacted by the power plant emissions.

The first Colstrip unit (350 MW) went on-line in September, 1975, and the
second (350 MW) in mid-1976. Since operations begant they have.been func-
tioning at various degrees of megawatt capacity; until 1977, neither averaged

better than half of their capacity.
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Figure 5.1.
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Ponderosa pine-skunkbush collection sites in the

vicinity of Colstrip, Montana

Figure 5.2a depicts the coal consumption of Colstrip Units 1 and 2
during 1976 and 1977, and Figure 5.2b depicts the percent of gross megawatt
generation capacity reached by the two units from January to November, 1977.
When comparing the coal consumed during the growing season of 1977 (March
through September) with that of 1976, it is apparent that more phytotoxic
gases probably were emitted during 1977 than during 1976.
Montana Department of Health and Environmental Sciences (1977) recently
declared that its own 1976 and 1977 air monitoring data on SOy, NOy, and HF
were unreliable; consequently, we do not have usable air quality data from

this agency for the early operation periods of the two units.
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Figure 5.2a. Monthly coal consumption of Colstrip Units 1 and 2
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Stack gas and particulate analyses of Colstrip Unit 2 emissions were
conducted in March, 1977, by personnel of Battelle Pacific Northwest
Laboratories (BPNL) (Crecelius et al., 1978). These studies show that parti-
culates being emitted are extremely small, 807 being less than .5 micron in
diameter, and that the scrubbers (wet Venturi) are 99.7% efficient in removing
ash from the stack gases. This work also disclosed that the fly ash emissions
are enriched in As, Se, Sb, Hg, F, Pb, V, Cu, and Zn, in comparison to concen-
trations of fly ash retained by the scrubbing system. These more volatile
elements are released at a significant rate compared to the less volatile
elements.

The Battelle study did not report the rate of SO, emissions from the

stack. However, data were obtained from personnel of the Montana State
Department of Health and Environmental Sciences (DHES) (1978) on stack gas
investories compiled by a consulting firm for the Colstrip utility companies.
The SOp data are from nine stack tests conducted on Unit 2 when it was oper-
ating at 327.8 MW per hour capacity. At this capacity, it released between
960 and 1,333 pounds of SOy per hour, and assuming an average of 1,146 pounds
per hour, both units would collectively release 1% tons per hour, 27.5 tons
per day, or approximately 10,000 tons per year. This is about 1,000 tons
more per year than predicted by the Westinghouse Corporation's Environmental
Impact Statement (EIS) in their revision estimates for the Montana State
Department of Natural Resources and Conservation (DNRC) hearings in 1976.
An emission rate of 10,000 tons of SO, is approximately 2% times less than
the annual emissions of the three oil refineries and the 180 MW coal-fired
power plant (25,638 tons per year) located within a 15-mile radius of our
Billings, Montana, ponderosa pine-skunkbush site GB-1.

The NOy stack emissions from the two Colstrip units have not been deter-
mined at this time, but according to Westinghouse estimates, they should be
approximately 20,600 tons per year or 56 tons per day. Westinghouse also
predicted that approximately 7,000 pounds of fluoride would be released
annually from Units 1 and 2. This amounts to approximately 19.2 pounds per
day or .8 pound per hour, approximately 12 pounds per day more than found by
either state agencies or by Crecelius et al. (1978). This is also five times
less fluoride per day (19 vs. 100 pounds) than is emitted by the three oil
refineries and the 180 MW coal-fired power plant in the Billings, Montana,
area.

The importance of these figures on stack emissions will become apparent
later in this section of our Colstrip report in a discussion of the impacts
of air pollution at a few of the Colstrip sites and the Billings site where
509 and/or fluorides have caused quantifiable effects upon the bioindicator
species (ponderosa pine) we are utilizing.

Ambient air monitoring for ozone in the Colstrip ar