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FOREWORD

This report by researchers from Michigan Technological University (MTU) summarizes the results
and conclusions of their study of upland flora. In this effort, MTU monitored tree, herb, and fungal species
exposed to electromagnetic fields produced by the U.S. Navy’s ELF Communications System in Michigan.
The Space and Naval Warfare Systems Command (SPAWAR) funded this study through contracts N00039-
81-C-0357, N00039-84-C-0070, NO0039-88-C-0065, and NO0039-93-C-0001 to lIT Research Institute (IITRI).
IITRI, a not-for-profit organization, provided engineering support to MTU and managed their study through
subcontract agreements.

MTU initiated their studies in late 1982. Their early efforts focused on selecting study sites,
validating assumptions made in proposals, and characterizing critical study aspects. Asthese tasks were
accomplished in 1984 and 1985, MTU then emphasized accumulating a data base through 1993. The
MTU research team and lITRI evaluated each study variable for continued funding before contract renewals
in 1984, 1988, and 1993. As a result, several originally proposed study elements were either expanded
or discontinued in subsequent periods of performance.

Since its inception, scientific peers have reviewed the technical quality of this study on an annual
basis. In similar fashion, a draft of this report has been reviewed by peers with experience in forestry,
statistics, and electromagnetics. MTU authors have considered, and addressed, peer critiques prior to
submitting a revised manuscript to ITRI. Except for added prefatory and title pages, MTU’s manuscript
is here issued by IITRI on behalf of SPAWAR without further changes or editing by IITRI or SPAWAR.
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EXECUTIVE SUMMARY

Background

In 1982, Michigan Technological University initiated research at the site of the
Naval Radio Transmitting Facility - Republic, Michigan that would determine
whether 76 Hz ELF electromagnetic (EM) fields generated by the facility cause
changes in forest productivity or health. Studies initiated at analogous control,
antenna right-of-way, and ground terminal sites have established a baseline of
data that were used to compare various aspects of plant communities before
and after the antenna became operational. In addition, comparisons were also
made among both antenna sites and the control within a year for evaluating
possible effects of ELF EM fields on forest ecosystems.

Studies of ecologically important tree, herb and fungal species have been the
focus of ELF EM field studies at Michigan Tech. Existing stands of mixed
hardwoods including northern red oak (Quercus rubra), paper birch (Betula
papyrifera), red maple (Acer rubrum) and aspen (Populus tremuloides and
Populus grandidentata) as well as red pine (Pinus resinosa) plantations
established exclusively for this study, have been the subject of intense
monitoring efforts with major emphases on measures of productivity such as
height and diameter growth, production and nutrient content of foliage, and
timing of phenological events. In addition, studies of the herb starflower
(Trientalis borealis Raf.) and mycorrhizal fungi have been examined as potential
indicators of ELF EM field effects. On-site measurements of ambient weather,
site and EM field strength (magnetic flux density - mG) have been used in
statistical analyses to evaluate potentially subtle ELF EM field effects on growth.

The ELF study database at Michigan Tech contains nine years of information,
beginning in 1985 and continuing through 1993. Antenna testing began in 1986
(6 amps) and continued in 1987 (15 amps) and 1988 (75 amps) with operational
levels (150 amps) being reached in 1989. The only exception to this occurred in
May through June of the 1991 field season when the north-south antenna
operated at full power while the east-west antenna was not used because of
maintenance work. Prior to the start of these studies, 1.5 years were spent
selecting, establishing and installing instruments on analogous plots. This
Report examines the results observed through 1998.

Objectives
Our broad objective was to assess the impact of ELF fields on forest productivity

and health. To accomplish this, more specific objectives were established to
study various components of the forest ecosystem:




1) growth rates of established northern hardwood stands, individual
hardwood trees and planted red pine,

2) timing of selected phenological events of trees, herbs, and mycorrhizal
fungi,

3) numbers and kinds of indigenous mycorrhizae on red pine seedlings,

4) nutrient levels of hardwood and red pine foliage,

5) litter production in hardwood stands.

Insect and disease incidence is discussed in a related project on litter
decomposition. Ultimately, the question of whether ELF EM fields measurably
impact forest communities ‘will be answered by testing various hypotheses
(Table 1) using long-term plant and environmental measurements collected

adjacent to and away from the antenna.

Table 1. Critical hypotheses tested to determine the environmental
impacts of ELF EM fields on upland forest ecosystems.

I There is no difference in the magnitude or the pattern of seasonal
diameter growth of hardwoods before and after the ELF antenna

becomes activated.

il There is no difference in the magnitude of diameter growth of red pine
seedlings before and after the ELF antenna becomes activated.

Il. There is no difference in the magnitude or rate of height growth of red
pine seedlings before and after the ELF antenna becomes activated.

V. There is no difference in the rate of growth and phenological
development of the herb, Trientalis borealis L., before and after the

ELF antenna becomes activated.

V. There is no difference in the number of different types of mycorrhizal
root tips on red pine seedlings before and after the antenna becomes
activated.

VL There is no difference in the total weight and nutrient concentrations

of tree litter before and after the ELF antenna becomes activated.

VII. There is no difference in the foliar nutrient concentrations of northern
red oak trees or red pine seedlings before and after the ELF antenna

becomes activated.
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Project Design

Experimental Design

The study is best described as a repeated measures, split plot, experimental
design. Each site (control, antenna, and ground) is subjected to a certain level
of ELF field exposure and is subdivided into two subunits (hardwood stands and
red pine plantations). These stand types comprise the treatments for the second
level of the design. Each stand type is replicated three times on a site (where
sites represent different levels of ELF field exposure) to control variation in non-
treatment factors that may affect growth or health such as soil, stand conditions
and background and treatment EM field levels. It is necessary to account for
time in the experimental design since, for some response variables, successive
measurements are made on the same plots and individual trees without re-
randomization. The time component is the number of years that an experiment
is conducted for baselineto-treatment comparisons, and the number of sampling
periods in one season for year-to-year comparisons

All sites follow this design except at the ground where there was no hardwood
stand because buffer strips required to minimize 'edge effects' on plot borders
would have resulted in the stands being too distant from the antenna ground
cable for significant exposure to ELF fields.

Testing for ELF EM Field Effects

At the outset of the project, it was known that the EM fields associated with the
ELF system would be different at the antenna and ground locations. IITRI has
measured 76 Hz electric field intensities at the antenna, ground, and control sites
since 1986 when antenna testing began and background 60 Hz field levels were
measured at all sites in 1985. Three types of EM fields are measured: magnetic
flux density (mG), longitudinal (earth) electric (mV/m), and transverse (air)
electric (V/m).

From IITRI measurements of field strength at the sites, it is apparent that electric
field intensities are affected by vegetative and soil factors. Also, treatment levels
have not been uniform over time because of the various testing phases prior to
antenna operation. Since the antenna was activated for low level testing
throughout the growing seasons of 1986 - 1988 and full power operation in 1989,
hypothesis testing examines differences in response variables between these
and previous years, and differences between control, antenna and ground sites
in 1987 through 1992 (or 1993 depending on the variable).




The most extensive comparisons are for yearly and site-within-year differences.
For all hypotheses, ambient and other variables are used to account for site and
year differences. Comparisons between pre- and post-operational years are
made, as are comparisons of relationships between sites after antenna
activation, to determine whether antenna operation has had a detectable effect
on the response variables. For those elements where analysis of covariance is
used, we test to insure that covariates are statistically independent of the EM
fields and then examine whether fields explain differences for a particular
response variable. If differences are apparent in the modeling effort, correlation
and regression is used to determine whether residuals from these analyses are
related to ELF fields.

Measures of Ambient Growing Conditions

Our experimental design directly controls field error through replications at sites.
Indirect, or statistical control, also increases precision and removes potential
sources of bias through the use of modeling and covariate analysis. Climate and
soil nutrient contents at the three study sites (control, ground and antenna) were
measured to monitor site and year variation in these important environmental
factors during the study period. Variation of these factors among sites during the
study were also compared to determine if they were statistically independent of
antenna operation and to quantify any changes in these environmental variables
related to ELF EM induced changes in community structure or productivity.
Climate and soil nutrients which were independent of antenna operation were
then considered available for use in models and statistical analyses used to
evaluate ELF EM effects on other forest ecosystem processes and attributes.
ANOVA tests were used to indicate whether changes in climate and soil nutrients
among sites during the study were greater than the natural spatial and temporal
variation observed at the study sites. Multiple range tests were then used to
determine whether these changes were consistent with the operational patterns
of the antenna during the study. Finally Pearson's product correlation
coefficients were used to determine if these changes were correlated to EM field
strengths within the test sites.

For the red pine plantations, differences in air temperature, soil temperature, soil
moisture, and relative humidity for at least one of the site comparisons were
found to change after full power antenna operation. However, these changes
were primarily related to inherent site differences in height growth and number of
trees which survived the initial planting stress rather than EM field exposure. For
the hardwoods, only differences in soil temperature at a depth of 10cm between
the sites was significantly correlated (p<0.05) with 76 Hz magnetic fields. This
climatic variable was the only variable not found to be independent of antenna
operation. Although we could not conclude that soil temperature at a depth of
10cm was independent of antenna operation, there was no indication that




changes in temperature within the hardwood stands were due to any ELF-
induced alteration of the communities at the antenna site.

Results And Discussion

The critical hypotheses for the project (Table 1) will serve as the framework for
summarizing our results. :

o Hypotheses:

I. There is no difference in the magnitude or the pattern of seasonal
diameter growth of hardwoods before and after the ELF antenna
becomes activated.

I. There is no difference in the magnitude of diameter growth of red
pine before and after the ELF antenna becomes activated.

ll. There is no difference in the magnitude or rate of height growth of
red pine before and after the ELF antenna becomes activated.

The impacts of ELF electromagnetic fields on tree productivity were examined in
both the hardwood stands and the red pine plantations. Cambial development,
as indicated by weekly diameter growth at 1.37m from the ground line, was the
primary response variable examined in the hardwood stands. Weekly height
growth was the primary response variable in the red pine plantations. In
addition, leaf water potential was also examined in the red pine plantations.
Seasonal air temperature degree days, Mid-summer mineral soil potassium
concentration, and soil water-holding capacity were utilized to account for
inherent differences in growing conditions between sites and among years for
hardwood diameter growth. Seasonal air temperature degree days and soil
water potential were utilized to account for between site and among year
differences in red pine height growth.

Mapping tree locations and monitoring ELF EM fields at selected locations
across the study sites allowed the determination of EM exposure levels for each
tree within the hardwood stands and the red pine plantations. Annual magnetic
flux density level was the EM variable used to represent the entire spectrum of
EM exposure received by individual trees.

Equations developed during pre-exposure years were used to estimate tree
productivity based on annual growing conditions. Differences between the
predicted and observed growth rates were examined in relation to the magnetic
flux density exposures to determine if EM exposure might be influencing tree
growth. Based on these analyses, there are significant (p<0.05) relationships
between diameter growth and magnetic flux density exposure levels for aspen
(Populus tremuloides and P. grandidentata) and red maple (Acer rubrum), and
between red pine annual height growth and magnetic flux density level. There is

5




no evidence (p=0.05) of an impact of EM fields on red pine diameter growth or
the seasonal patterns of hardwood diameter growth or red pine height growth.
In related work, there is no evidence (p=0.05) of an impact of antenna operation

on red pine leaf water potential.

« Hypothesis [V. There is no ditference in the rate of growth and
phenological development of the herb, Trientalis borealis L., before and
after the ELF antenna becomes activated.

Phenological events, or the timing of certain morphological processes, are
important phytometers of plants under stress. In this portion of the study, a
small herbaceous plant, starflower (Trientalis borealis Raf.), was used as an
indicator of ecosystem responses to ELF EM fields. Both phenological and
morphological characteristics were monitored from 1985 to 1992. Phenological
measurements included stem elongation, budbreak, leaf expansion, flowering,
fruiting and leaf senescence. Morphological measurements included leaf area,
leaf length and width, stem length, number of buds, number of leaves, number of
flowers, and number of fruit.

Phenology results indicate significant site by year interactions (p < 0.01) in Julian
dates of initial leafout and budbreak. These differences were attributed to our
initiation of sampling in the spring and not to the ELF fields. Other observed
differences were in the initiation of flowering and fruiting events. Before the
antenna was operational, initiation of flowering and fruiting events on both the
antenna and control sites began when the previous event (e.g., bud break and
flowering, respectively) was at its maximum. However, in 1992, initiation of
flowering and fruiting on the antenna site occurred before this peak (maximum).
Reasons for these changes are unclear since initiations of flowering and fruiting
in 1990 and 1991 on this site were similar to patterns found in 1985-1989.
Climatic conditions in May of 1991 (higher temperatures and precipitation
amounts) were, however, similar to climatic conditions in 1985-1989.

Morphology results indicated significantly lower (p < 0.05) numbers of plants with
buds, flowers, and fruits on the antenna site in 1986, 1987, and 1988 than on the
control site for those years. No significant differences between the antenna site
and control site (p = 0.05) in the number of plants with flowers and fruits were
observed after 1988. Significant variation in stem lengths, leaf lengths and
widths, and leaf areas between the antenna and the control sites were explained
using microsite basal areas, soil temperature degree days running total at 10
cm, maximum solar radiation, and total precipitation. These covariates also
explained significant variations in leaf area among site-by-year interactions;
however, significant (p < 0.05) site by year differences for stem lengths, leaf

lengths, and leaf widths were detected.

When individual means for stem length, leaf length, and leaf area were
statistically compared, no discernible pattern due to ELF effects was observed.




Mean values for all variables decreased on both the Antenna and the Control
site over the eight years of this study. Handling the plants when measuring was
suggested as a possible cause for these decreases; however, a separate study
indicated that handling did not significantly affect the above-mentioned variables.
Our conclusion from this study is ELF fields have not significantly affected

starflower phenological processes or morphological characteristics.

« Hypothesis V. There is no difference in the number of different types of
mycorrhizal root tips on red pine seedlings before and after the antenna
becomes activated.

Mycorrhizae of plantation red pine seedlings were used as biological indicators
to reflect perturbations that might be caused by ELF EM fields. Mycorrhizae are
the association of fungi and individual plant roots, and are a major component of
forested ecosystems. These fungi are obligate symbionts and are directly
dependent on a plant's physiology for their health. Therefore, they could indicate
decreases in plant health due to ELF EM fields. Mycorrhizal numbers per gram
of dry root by morphological type were measured on 270 planted red pine (Pinus
resinosa) seedlings per year from 1985 to 1993.

If ELF EM fields affect mycorrhizal numbers, the most important source of
variation attributable to these effects would be determined in site-by-year
interactions. Numbers of mycorrhizae during ELF operational years on the
antenna and/or ground site(s) would be significantly different than the numbers
on the control site or from prior years information. Using analysis of variance
results indicated that mycorrhizal numbers were not significantly different (p <
0.05) among sites and among site-by-year interactions. Using analysis of
covariance (two variables: i) total precipitation, and i) days with precipitation
>0.10 cm) differences among sites and site-by-year interactions were not
detected. These results indicate that mycorrhizal symbiosis between tree roots
and fungi have not been significantly affected by ELF fields.

« Hypotheses VI. There is no difference in the total weight and nutrient
concentrations of tree litter before and after the ELF antenna becomes
activated.

Litter fall indicates foliar production and is important for the transfer of nutrients
and energy within a vegetative community. This makes litter fall a good indicator
of possible ELF field effects on forest ecosystems. Litter samples were gathered
at frequent intervals during the growing season at both the antenna and control
hardwood sites. This provided an estimate of change in canopy production prior
to and during ELF antenna operation. Litter was collected from five 1m2 traps
located in each of three permanent measurement plots established in the
hardwood stands. Samples were separated into leaves, wood, and
miscellaneous components, and a subsample of leat litter was further separated




by tree species. All litter samples were weighed and analyzed for N, P, K, Ca,
and Mg contents.

Annual total litter production amounts varied considerably between the antenna
site and the control. Analysis of covariance using stand and environmental
variables as covariates was used to reduce litter production variability between
the two sites, and increase the possibility of detecting ELF effects using eight
years of litter fall data. Soil and air temperatures generally showed the highest
correlations with litter production. When these variables were used in the
analyses of covariance, there was no detectable effect of ELF EM fields on litter

production.

Average nutrient concentrations of the various litter components and for the
leaves of individual tree species also showed considerable variability between
the antenna and the control sites. Analysis of covariance was again used to try
and separate possible ELF effects from site and ambient factors. These results
showed that significant litter nutrient concentration differences existed between
sites prior to antenna construction, and were not affected by the ELF antenna

operation.

« Hypothesis VIl. There is no difference in the foliar nutrient
concentrations of northern red oak trees or red pine seedlings before
and after the ELF antenna becomes activated.

Leaf samples were taken during the growing season from: 1) various sized
northern red oak trees (15 cm, 21 cm, and 32 cm diameter) growing on both the
antenna and control sites and 2) red pine seedlings planted on all three sites.
The samples were used to monitor possible ELF effects on leaf weight and
nutrient accumulation. Nutrient translocation from red oak leaves to branches
prior to leaf fall was also determined.

Nutrient concentrations in red oak and red pine foliage during the growing
season showed considerable variability between the ELF test sites and the
control, but these generally reflected the nutrient status of the sites before
antenna transmissions began. Similar results were found for leaf weight. Red
pine foliar concentrations were not significantly correlated with 76 Hz magnetic
flux densities. Differences in red oak and red pine foliage nutrient concentrations
and weight among the three study sites were not related to operation of the ELF
antenna.

Perspective

A suite of potentially sensitive biotic indicators was investigated in a long-term
study to determine whether 76 Hz ELF EM fields generated by the Naval Radio
Transmitting Facility - Republic, Mi cause changes in forest productivity or health




of northern hardwood and pine forests. The major aboveground ecological
measures included tree productivity, phenology, and nutrition, along with
morphology and phenology of the herb, starflower. Belowground measures
concentrated on numbers and morphology of red pine mycorrhizae. The field
setting for the research presented challenges in separating possibly subtle ELF
field effects from natural variability in the forested ecosystems. These were met
through the measurement and analysis of soil and climate variables, and the
experimental design which together resulted in reasonable detection limits for
the variables under consideration.

Forest Production: For most variables, four years of measurements were taken
during full power antenna operation. During this time, aspen and red maple
diameter growth and red pine height growth were moderately accelerated for
trees exposed to ELF magnetic flux density levels in the very narrow range of 1-
7 mG. However, red pine diameter growth and the seasonal patterns of both
hardwood diameter growth and red pine height growth showed no response to
ELF EM field exposure. While these findings are inconsistent in the sense that
only some growth measures show a response to ELF EM fields, the results do
suggest a subtle perturbationwhich has not adversely affected forest production.

Forest Health: While stemwood production shows some stimulation, litter
production and nutrient concentration, red oak and red pine foliar nutrient levels,
starflower phenology and morphology, and mycorrhizae numbers and
morphology were not affected by ELF EM fields at detectable levels. This study
shows that there are no short-term effects of ELF EM fields on forest health.
The future effect of stimulated growth or long-term ELF EM exposure on forest
health is beyond the scope of this research.




CHAPTER 1

SITE SELECTION, PLOT ESTABLISHMENT, AND EXPERIMENTAL DESIGN

Peter J. Cattelino, Glenn D. Mroz, David D. Reed, Martin F. Jurgensen,
Elizabeth A. Jones, Margaret R. Gale, and Hal O. Liechty

ABSTRACT

Three study sites were located in second growth hardwood stands in the central Upper
Peninsula of Michigan to assess the potential effects of the U.S. Navy's 76 Hz, ELF
communication antenna on forest growth and productivity. Study areas were chosen to
be as similar as possible in order to minimize the natural variation in the measured
response variables. Initial identification of sites was aided by aerial photography and
Michigan Department of Natural Resources forest inventory data and personnel.
Potential sites were screened by obtaining detailed field measurements which were
analyzed to determine suitability as study sites. Test sites were located along an
overhead portion of the antenna (antenna site) and along a terminal ground wire
(ground site) while a control site was located approximately 50 km from the test sites.
The control was located such that background 60 Hz electromagnetic fields would not
differ by more than one order of magnitude from the test sites, and 76 Hz fields
generated by the ELF system would be at least one order of magnitude lower than at
the test sites. Analysis of field data showed strong similarity among the sites in
biological and environmental parameters. All study sites are in the same regional
ecosystem and have similar vegetation and climate. Vegetation on each site is
classified in the Acer-Quercus-Vaccinium habitat type and several similarity indices
computed for the overstory showed similarity in species composition and biomass to
be greater than 80 percent. Although morphologically similar, soil at the antenna site
was classified differently from the ground and control sites. The differences observed
between sites are minor,and at the time the sites were selected, they were expected to
respond similarly to any environmental influence such as ELF fields. While the sites
were carefully chosen, the experimental design, which is best described as a repeated
measures split plot, was used to separate possibly subtie ELF field effects on response
variables from the existing natural variability caused by soil, stand, and climatic factors

over time.

INTRODUCTION

Detection of potentially subtle ELF electromagnetic field effects on forest productivity
and health requires the careful matching of study sites to reduce the natural variability
in measured parameters that exist among the sites. The variability in plant growth and
growth processes within the ELF system area must first be related to naturally
occurring variation in environmental characteristics among the study sites before any
change in the response variables can be attributed to ELF fields. This can be partially
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accomplished by careful selection of test and control sites, taking into account all
appropriate site characteristics that influence forest vegetation. The study design
required test sites to be located along an overhead portion of the antenna (antenna
site), along a terminal ground wire (ground site) and at a control site. The control site
was to be located at a distance from the ELF antenna where background 60 Hz
electromagnetic (EM) fields would not differ by more than one order of magnitude from
the antenna site but 76 Hz fields generated by the ELF system would be one order of
magnitude greater than at the control and test sites. Permanent measurement plots at
the antenna and control sites were established in existing second growth northern
hardwood stands and in newly planted red pine (Pinus resinosa, Ait.) plantations. Only
red pine plantation plots were established at the ground site. The study sites were
established prior to the operation of the ELF antenna in order to obtain baseline data
prior to ELF electromagnetic (EM) field exposure. Soil characteristics, microclimate,
site history, landform, and the vegetative community were carefully evaluated to insure
as much similarity between test and control sites as possible. A rigorous repeated
measures split plot statistical design was used to separate possibly subtle ELF field
effects from existing natural variability in site and climatic factors.

SITE SCREENING

Approximately 20 potential test and control sites were identified through use of the
Michigan Department of Natural Resources (DNR) Operations Inventory and
Continuous Forest Inventory (CFl), aerial photography ot the proposed ELF system
area, and in consultation with DNR personnel. The goal of this effort was to identify
three sites (2 test sites and a control site) which had similar physical site
characteristics, mix of hardwood tree species, understory vegetation, and acidic soils
with sandy to sandy loam surface horizon textures. Each potential study site was
visited and preliminary observations recorded. Many of the sites were eliminated as
study candidates because they did not meet the selection criteria listed above. Sites
meeting the preliminary requirements were revisited and detailed field measurements
taken to determine their suitability as study sites (Table 1.1).

Electromagnetic Field Criteria

In addition to selecting sites with similar biological and physical parameters, the study
design required similar background 60 Hz EM exposure between test and control sites,
but dissimilar ELF 76 Hz exposure. To aid in locating study sites that met these
specifications, criteria were developed for EM exposure levels between the test and
control sites (Appendix A).
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Table 1.1. Measurements used for describing potential ELF

study sites.

Trees Ground Flora
Species Composition Composition
Basal Area Frequency
Diameter Distribution Coverage
Site Index

Site
Horizon Identification Slope
Horizon Thickness Aspect
Texture Landform
Drainage Habitat type

Presence of Earthworms
Rock Abundance

Measurements of background 60 Hz EM fields were made at fixed points at each study
site in May and August, 1984 by IITRI personnel in order to evaluate tentative study
sites using the EM exposure criteria. The magnetic flux density and electric field
intensities in air and in the earth were measured using directional field probes designed
and calibrated by IITRI (Brosh et al. 1985). Computer-generated estimates of EM 76
Hz fields were developed using anticipated operational power levels and were provided
by lITRI in the form of contour map overlays and curves of electric and magnetic field
intensities as a function of the distance from the antenna. This information was then
used to identify potential sites that met the EM field exposure criteria.

SITE SELECTION AND DESCRIPTION

Selection of Test Sites

Because the site selection process began prior to the construction of the ELF system, it
was necessary to know the precise configuration and location of the antenna right-of-
way before the ground site and the antenna site could be established. Selection of the
ground site was given highest priority because this portion of the ELF system
represented the most limited land area available for site selection. Following an update
on the location of the ELF system ground terminals, potential sites identified through
initial screening were reviewed again to determine if any of these sites were located
along the ELF ground terminals. As a result, a site was identified along ground terminal.
#5 on the western end of the southern east-west leg of the antenna in southern
Marquette County which met the selection criteria. In March 1993, this site was
selected as the ground site. Once the ground site was chosen, selection of the
antenna and control sites depended on matching the biological and physical conditions
found at the ground study site. Based on review of the detailed field surveys of
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potential study sites, the antenna site was selected in April 1983 along the southern
east-west leg of the ELF antenna system approximately 1 km from the ground site.

Selection of the Control Site

After further review of field data obtained from potential study sites, a control site was
selected in Iron County south of Crystal Falls in April 1983. However, in November
1983, we were informed by IITRI that the control site failed to meet ELF EM site
selection criteria for 60 Hz fields in the earth. Data indicated that these fields differed
by more than one order of magnitude from the relatively low 60 Hz fields measured at
the antenna and ground sites. Subsequently, a new control site needed to be located
closer to a known source of 60 Hz fields to reduce the difference in field intensity
between sites in order to meet the established criteria. In the spring of 1984, a new
control site was located approximately 2 km east of the original site. Results of EM
measurements of the 60 Hz field in the earth at the new site indicated that the two
measurement points closest to a nearby 69 KV transmission line slightly exceeded the
established criteria; all other measurement points at the site were acceptable. All
measurement points were acceptable for the 60 Hz EM field in air and the 60 Hz
magnetic flux density. Thus, across this site, a gradient of about 10:1 exists in the 60
Hz field in the earth. The site was then classified as conditionally acceptable (Brosh, et
al. 1985). The criteria were met on all measurement points for each of the 76 Hz ELF
fields which were estimated based on analysis of the proposed operational conditions
of the antenna elements and the distance from the antenna to the measurement points.

Physical Site Description

Maps of actual site locations and plot configurations are provided in Appendix B. The
ground, antenna, and control sites are all in the same regional ecosystem and have
similar geology and climate (Albert et al. 1986). The sites have short growing seasons
(87 days) and are subject 10 climatic influences of the Great Lakes. Physical
descriptions of each site show minor variation in slope, aspect, and elevation among
sites (Table 1.2).
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Table 1.2. Physical description of study sites.
Ground Antenna Control
Location NWi, NEY, Sec. 28, | NEY,NE'4, Sec. 28, | SWY4,SWYs, Sec. 3,
T45N R29W T45N R29W T41N R32W
Percent Slope 0-30% 7-15% 0-15%
Aspect Range NW W-NW NW

Level to Crest of

Crest of slope to

Crest of slope to

Classification

Slope Position ridge mid-slope mid-slope
Elevation 445 M 454 M 420 M
Habitat Type Acer-Quercus- Acer-Quercus- Acer-Quercus-
Vaccinum Vaccinum Vaccinum
Soll Alphic Haplorthod Entic Haplorthod Alphic Haplorthod

Understory Vegetation Classification

Similarity in understory veg
type (Coffman et al. 1983).

etation was evaluated by classifying
Vegetation at each site was surveye

by the habitat type criteria; all three sites were classified as the Acer-Quercus-

Vaccinium habitat
Table 1.3.

type.

Vegetation characteristics of t

his habitat type are shown in

Table 1.3

Major overstory and understory species within the Acer-

Quercus-Vaccinium habitat type (Coffm

an et al. 1983).

Qverstory

Red maple

Understory

Low sweet blueberry

each site by habitat
d and then classified

(Vaccinium membranaceum)
Bracken fern
(Pteridium aquilinum)

(Acer rubrum)
Northern red oak
(Quercus rubra)

Paper birch Canada blueberry
(Betula papyrifera) (Vaccinium myrtilloides)
Bigtooth aspen Large leaf aster

(Aster macrophyllus)
Beaked hazelnut
(Corulus cornuta)

(Populus granidentata)
Quaking aspen
(Populus tremuloides)
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The Acer-Quercus-Vaccinium habitat type is most common on sandy soils with
moderate horizon development. Also red maple and northern red oak dominate the
late successional stages of this type, indicating a high probability of stable species
composition accommodating the long-term ELF studies (Coffman et al. 1983).

Overstory Characteristics

Tree Inventory

All trees in the hardwood stands with diameters greater than 10 cm were inventoried at
the antenna and control sites. This diameter limit was chosen because trees greater
than 10 cm are usually dominant or co-dominant in these stands and,since study trees
were to be fitted with dendrometer bands, trees smaller than 10 cm would not allow the
springs on the dendrometer bands to exert enough tension to insure a snug fit against
the tree (Cattelino et al. 1986). Tree species, total height, and DBH were recorded for
each tree; basal area, stems per hectare, site index, and age were determined for each
site (Table 1.4).

A Kolmogorov-Smirnov two-sample test was used to test the hypothesis of similar
diameter distributions for each species at the antenna and control sites. There were no
differences (p>0.10) in diameter distributions for bigtooth aspen, northern red oak, and
paper birch. However, the diameter distribution for red maple was found to be different
(p<0.005) with a greater proportion of large-diameter trees at the antenna site (Mroz et
al. 1985). .

Table 1.4. Summary of hardwood stand information for the antenna and control

sites in 1985.
Average | Average Average Stems Per | Site | Age
Total Ht. | Basal Area Hectare Index
. DBH rs
Species (cm) (m) (m2#/ha) (yrs)
ANTENNA
Northern Red Oak | 22.45 17.62 6.57 143 68 46
Paper Birch 20.23 19.62 0.86 25 66 54
Big Tooth Aspen 25.01 20.27 2.43 48 68 49
Red Maple 15.09 16.43 7.78 410 56 41
CONTROL
Northern Red Oak | 20.55 22.24 20.00 556 72 51
Paper Birch 16.47 20.63 2.92 127 60 53
Big Tooth Aspen 22.96 23.51 3.33 79 65 54
Red Maple 11.97 16.31 0.52 48 58 44
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While all species of interest are present at each site, they differ in numbers of
individuals present. For example, the number of northern red oak trees is larger at the
control site while the number of red maple trees is larger at the antenna site. However,
the inventory data indicated that there were adequate numbers of similar sized trees of
each species at each site to adequately compare growth between sites.

Spedies Similarity Indi

Several similarity indices were used with the tree inventory data to estimate
similarities in species composition between the antenna and contro! sites (Mueller-
Dombois and Ellenberg, 1974). The ground site was not included in the these tests
since there were no hardwood plots established there. The presence/absence of tree
species was quantified using the Jaccard and Sorenson similarity indices. Sorenson's
index differs from Jaccard's in that it gives greater weight to the species that are
common to both test sites than to those that are unique to either site. Site selection
criteria for this study were based on similarities between sites and not uniqueness, thus
the Sorenson index was given greater emphasis in site selection.

Cx100 C
ard: ;= ————— orenson: Is= — <
Jaccard: I All Species S on- fs 1/2(A+B)

Where: C =# species common to each site
A =# species on site A
B = # species on site B

The similarity of the two sites is not only a function of the common and unique species,
but also of the amount of each species present. Similarity between the sites based on
total biomass of each species was quantified by the Ellenberg similarity index:

Cl/2

Ellenberg: Ie=——F—=

9 = YvB+C/2

Where: C = total biomass of common species
A = biomass of species unique to site A
B = biomass of species unique to site B

Because of the quantitative differences in abundance of each species between sites, a
polar ordination technique (Bray and Curtis, 1957) was also used to test similarity
based on total biomass and number of stems per site. Results of these tests show
strong similarity between the antenna and control site with Jaccard, Sorenson, and
Ellenberg indices of 80%, 89%, and 98%, respectively. However, the Bray and Curtis
analysis showed only 40% similarity in the amount of stems per species and 66%
similarity in amount of total biomass per species.
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Soil Characteristics
il Classificati

Soil physical and chemical properties were described at each study site in 1983 and
1984. The soils on the three sites, although morphologically similar, are classified
differently (Table 1.5), (USDA Soil Conservation Service, 1975).

Table 1.5.  Soil Classification of the ELF Study Sites.

Ground Alfic Haplorthod, sandy, mixed, frigid
Antenna Entic Haplorthod, sandy, mixed, frigid
Control Alfic Haplorthod, sandy, mixed, frigid

Field descriptions of these soils are presented in Appendix C. Soils at each site are
sandy loam in texture and are found on glacial till and outwashes. Soil horizon
designations and depths are similar for the surface soil (top 50 cm) at all sites.
Subsurface horizons (greater than 50 cm depth) show greater variation in horizon
designation, but are similar to the surface horizons in texture with the exception of the
E' horizon at the control which has a slightly finer texture (sandy loam). Water retention
capacity for both surface and subsurface horizons is low.

k Conten

The amount of rock fragments (> 2mm) was estimated for each site and stratified by
depth (Mroz et al. 1987). The presence of rocks must be considered in determining
available soil water, soil nutrients, and bulk density. Whole soil volume must be
adjusted by the amount of rock present before calculating these parameters to avoid
overestimation of resource levels when expressed on an area basis. Rock fragment
estimates showed considerable variation among strata and sites, which is typical in
glacial till soils (Table 1.6). :

Table 1.6. Summary of rock content (>2 mm) and rock corrected
bulk density in the upper 50 cm.

Site % Rock by Volume |k i wl
Ground 5-31 1.40
Antenna 2-9 1.46
Control 5-10 1.56
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Soil Nutr

Nutrient content of soils collected during the site evaluation process showed only small
variation between test and control sites. These differences were primarily in the A
horizons and are the result of varying thickness and composition of the litter layer. For
more detailed discussion on the similarity in soil nutrients between sites see Chapter 2,
Nutrient Monitoring and Mroz et al. (1985).

At the time of site selection, the minor differences observed between these soils were
not expected to affect the inherent productivity of the study sites and each site was
expected to respond similarly to any environmental influence such as ELF fields (Mroz

et al. 1984, 1985).

PLOT ESTABLISHMENT EXPERIMENTAL DESIGN

Objectives and Hypotheses

Our broad objective was to assess the impact of ELF fields on forest productivity and
health. To accomplish this, more specific objectives were to determine the impacts of
ELF electromagnetic fields on:

1) growth rates of established stands, individual hardwood trees, and red pine
seedlings,

2) timing of selected phenological events of trees, herbs and mycorrhizal fungi,

3) numbers and kinds of indigenous mycorrhizae on red pine seedlings,

4) nutrient levels of hardwood and red pine foliage.

5) foliage production in the hardwoods.

The ecologically significant subject of insect and disease incidence is discussed in a
related project on Litter Decomposition which was conducted at our study sites (Bruhn
and Pickens 1994). Ultimately, the question of whether ELF EM fields measurably
impact forest communities will be answered by testing various hypotheses (Table 1.7)
based on the results of these long-term studies.

Experimental Design

Overview

This study is based on a statistical design to separate possibly subtle ELF field effects
on response variables from the existing natural variability caused by soil, stand,and
climatic factors. Consequently, to test our hypotheses, it has been imperative to
directly measure both plant growth and important regulators of the growth process such
as tree, stand, and site factors in addition to ELF fields at the sites. Our approach is to
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group similar measurements and analyses by using data from several types of
measurements to test a single hypothesis (Table 1.8). The experimental design
integrates direct measures with site variables and electromagnetic field exposure and is
a common thread through nearly all studies due to the field design.

Table 1.7 Critical hypotheses tested to determine the environmental impacts of

ELF EM fields on upland forest ecosystems.

Vi

VIl

There is no difference in the magnitude or the timing of seasonal diameter
growth of hardwoods before and after the ELF antenna becomes activated.

There is no difference in the magnitude of diameter growth of red pine
seedlings before and after the ELF antenna becomes activated.

There is no difference in the magnitude or rate of height growth of red pine
seedlings before and after the ELF antenna becomes activated.

There is no difference in the rate of growth and phenological development of
the herb, Trientalis borealis L., before and after the ELF antenna becomes

activated.

There is no difference in the number of different types of mycorrhizal root
tips on red pine seedlings before and after the antenna becomes activated.

There is no difference in the total weight and nutrient concentrations of tree
litter before and after the ELF antenna becomes activated.

There is no difference in the foliar nutrient concentrations of northern red oak
trees or red pine seedlings before and after the ELF antenna becomes
activated.
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Table 1.8. Measurements needed for testing the critical hypotheses of the ELF
environmental monitoring program Upland Flora project, and
corresponding objectives.

Hypothesis  Related Measurements
Numt Objecti

Weekly dendrometer band readings* Climatic variables,
soil nutrients, tree and stand characteristics.

| 1,2
Annual diameter growth, terminal bud size, plant moisture

I 1 stress microsite climatic variables, number of mycorrhizae.

Weekly height growth, annual height growth, terminal bud

size, plant moisture stress, number of mycorrhizae,

ambient measures.

Period measures of plant dimensional variables, including,

leaf_size, and phenological stages of flowering, fruiting,

etc., climatic variables.

\Y 3 Monthly counts of mycorrhizal root tis by type, climatic
variables, tree variables

VI 5 Periodic _collections of_litter, nutrient _analysis, climatic
variables.

Vi 4 Periodic_collections of foliage. nutrient_analysis, climatic
variables.

i 1,2

*Underlined print designates response variables: others listed are covariates which are
also tested for independence of ELF EM field effects.

Hardwood Plot Establishment

Three permanent 30 x 35 m measurement plots were established in the hardwood
stand at the antenna and control sites. The plots at the antenna site were located next
to the ELF overhead antenna and positioned 15 m from the right-of-way to minimize
edge effect. Three plots of the same size were also established at the control site.
However, a 33 x 145 m sham right-of-way was cleared of existing vegetation 15 m from
the control plots to provide environmental conditions similar to the hardwood plots at
the antenna site. Because the ground site was established only for red pine studies,

hardwood plots were not established at that site.

Red Pine Plantation Establishment

Red pine plantations were established at each study site in June 1984. Major reasons
for including red pine in the study were: 1) field examination of the sites showed an
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inadequate number of conifers necessary for mycorrhizae root studies, and 2) the
Michigan DNR expressed concerns about possible ELF effects on forest regeneration
and reforestation. Since young trees exhibit more rapid growth rates than oider trees, it
is possible that ELF effects might be more easily detected on young trees.

A 1.55 ha (average) area at each site was cleared of existing vegetation by whole tree
harvesting and immediately planted with 3-0 bare-root red pine seedlingsona 1 x 1m
spacing. Seedlings were grown from a Dickinson County, Mi seed source at the USFS
Toumey Nursery in Watersmeet, M. A professional tree planter was contracted to
expedite the late spring planting, to insure the greatest uniformity in planting, and to
maximize the chances for seedling survival. Three permanent measurement plots
averaging 46 x 46m were established at each site. Plots at the antenna and ground
sites were located as close as possible to the ELF EM source to insure maximum
exposure. A 33m strip of the cleared area next to the hardwood plots at the control site
was not planted with red pine,to serve as a sham right-of-way. Mechanical vegetation
control was necessary in 1986 to remove competing vegetation and again in 1989 to
remove woody stump sprouts and aspen root sprouts.

Experimental Design And Electromagnetic Exposure

At the outset of the project, it was known that the EM fields associated with the ELF
system would be different at the antenna and ground locations. IITRI has measured 76
Hz electric field intensities at the antenna, ground, and control sites since 1986 when
antenna testing began and background 60 Hz field levels were measured at all sites in
1985. Three types of EM fields are measured: magnetic flux density (mG), longitudinal
(earth) (mV/m), and transverse (air) (V/m) (Appendix D). Due to the complexity of the
effects of site conditions on the air and earth fields, only the effects of exposure levels
of the maximum magnetic flux density have been investigated to date. These fields are
very predictable and interpretation equations have been developed to estimate
maximum flux exposure levels at any location within the study sites (Mroz et al. 1990).

The experimental design is best described as a repeated measures split plot. Each site
(control, antenna, and ground) is subjected to a certain level of ELF field exposure and
is subdivided into two subunits (hardwood stands and red pine plantations). These
stand types comprise the treatments for the second level of the design. Each stand
type is replicated three times on a site (where sites represent different levels of ELF
field exposure) to control variation in non-treatment factors that may affect forest growth
or health such as soil, stand conditions,and background and treatment EM field levels.
The time factor in the design is the number of years that an experiment is conducted for
baseline to treatment comparisons, or the number of sampling periods in one season
for year-to-year comparisons. It is necessary to account for time in the experimental
design since for some variables, successive measurements are made on the same
plots and/or individual trees over a long period of time without re-randomization. The
analyses used differ for different response variables due the measurement frequency
and methods. Variations of this general design are discussed in each following chapter
as necessary.
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Each site follows this design with one exception. There is no hardwood stand at the
ground site because buffer strips required to minimize ‘edge effects' on plot borders
would have resulted in the stands being too distant from the ground for significant

exposure to ELF fields.

Analysis of Covariance

Our experimental design directly controls error in the field through replications at the
sites. Indirect, or statistical control, can also increase precision and remove potential
sources of bias through the use of covariate analysis. This analysis uses covariates
which are related to the variable of interest to remove the effects of an environmental
source of variation that would otherwise contribute to experimental error. The covariate
need not be a direct causal agent of the variate, but merely reflect some characteristic
of the environment which also influences the variate.

Covariates under examination vary for different response variables (Table 1.8). Most
analyses use ambient climatic variables, such as air temperature, soil temperature, soil
moisture, precipitation, and relative humidity, as well as variables computed from these
data, such as air temperature degree days, soil temperature degree days, and
cumulative precipitation. Depending on the response variable, microsite factors may
also be considered. Identification of covariates for different response variables is
discussed in detail in the following chapters.

For some response variables, it was possible to develop more realistic models of
expected growth and development given the site conditions. In these cases, the
analyses of covariance were not used. Instead, the developed models were used to
calculate an expected response given the site, stand, and ambient conditions.
Deviations from the expected response were examined for evidence of ELF effects on

the response variables.

Testing for ELF EM Field Effects

From IITRI data, it is apparent that EM field intensities are affected by vegetative and
soil factors. Also, treatment levels have not been uniform over time because of the
various testing phases prior to antenna operation. Since the antenna was activated for
low-level testing throughout the growing seasons of 1987 and 1988 and full-power
operation in May 1989, hypothesis testing examines differences in response variables
between these and previous years, and differences between control, antenna, and
ground sites in 1987 through 1992 (or 1993 depending on the response variable).

The most extensive comparisons are for yearly and site within year differences. For all

hypotheses, ambient and other variables are used to explain site and year differences.
Comparisons between pre- and post-operational years are made, as are comparisons
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of relationships between sites after antenna activation, to determine whether antenna
operation has had a detectable effect on the response variables. For those response
variables where analysis of covariance is used, we test to insure that covariates are
statistically independent of the EM fields and then examine whether fields explain
differences for a particular response variable. If differences are apparent in the
modeling efforts, correlation and regression techniques were used 1o determine
whether residuals from these analyses are related to ELF fields.

Detection Limits and Statistical Power

Since each study has been peer reviewed through the years, we feel that the biological
basis of each is sound and will contribute to the overall objective aimed at determining
whether forest productivity or health has been affected by ELF EM fields. But because
of the varability inherent in ecosystem level studies and the subtle perturbations
expected from ELF EM field exposure, a quantitative assessment of the level of
success and precision achieved by each of the studies in the Upland Flora project is
imperative. Two different measures have been considered to make this evaluation,
statistical power and detection limits.

Power is defined as the likelihood that a particular statistical test will lead to rejecting
the null hypothesis if the null hypothesis is false. Exact calculation of power requires
knowledge of the alpha level (Type | Error), parameters of the distribution of the
variable of interest under the null hypothesis, and the specification of a given alternative
parameter value. In a t-test, for example, to determine power one must know the alpha
leve! (usually 0.05 in the tests described here), the value of the test statistic under the
null hypothesis (zero if the test is to determine if two means are different or not), and
the degree of difference in the means which is considered biologically important (such
as a ten-percent difference). The last value is the most difficult for scientists to agree
upon in ecological studies because it is a matter of belief and judgment. Often,
quantitative knowledge of ecological relationships is poor and scientists lack the
perspective to determine whether a ten-percent difference in a parameter is
ecologically significant but a five-percent difference is not. While it is possible to
calculate curves showing power for a number of alternative hypotheses, one is still left
with the question of how much of a difterence is important. An alternative procedure
which does not require the specification of this degree of difference is to do an a
posteriori calculation of the detection limit.

The detection limit is the degree of difference which leads to 50-percent chance of
correctly rejecting the null hypothesis (power) for a given alpha level. Use of the
detection limit allows an individual reader or reviewer to evaluate the test in light of their
own interpretation of what degree of difference is ecologically important. The
calculation of detection limits is not exact since it is an a posteriori test; it depends on
the data used in the test procedure and the procedure itself. In the tables presented in
this report, the detection limits were calculated using the results from the analyses of
covariance and the Student-Newman-Keuls comparison of means procedure. The
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detection limits are, therefore, usually conservative (larger than what may be actually
detectable) since additional statistical tests which may be more sensitive to changes in
system behavior, such as those utilizing models of expected behavior, are also being

performed.

in summary, calculation of statistical power has the advantage of being exact, but the
disadvantage for ecological studies of requiring one to specify a specific degree of
change that is considered important. The calculation of detection limits has the
advantage of not requiring the specification of an alternative (power is fixed at 50
percent), but the disadvantage of being an a posteriori calculation; therefore, it is not
exact. It is our feeling that the latter quantity, the detection limit, provides information
similar to statistical power, but is more suitable for ecological studies since
specifications of an exact alternative hypothesis is not required.

SUMMARY

Since the landscape, forest types, and vegetation within the proposed ELF influence
area are varied and complex, the careful choice of similar study sites was essential in
order to detect potentially subtle ELF EM field effects from the natural variability in
selected biological parameters that exist between the test and control sites.
Realistically, however, the inherent variability that exists in the overall study area makes
exact replication of all factors among the sites impossible to obtain. The sites that were
selected for this study were carefully evaluated to insure as much similarity as possible
in soil characteristics, microclimate, site history, landform, and the vegetative
community. Although differences were observed between the study sites, they were
expected to respond similarly to any environmental influence such as ELF fields. A
repeated measures split plot statistical design was used to separate possible ELF field
effects from the natural variability caused by soil, stand, and climatic factors.
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CHAPTER 2

MEASUREMENT OF CLIMATE AND SOIL VARIABLES
FOR DEFINING GROWING CONDITIONS

Hal O. Liechty, Glenn D. Mroz, and Peter J. Cattelino

ABSTRACT

Climate and soil nutrient contents at the three study sites (control, ground and antenna)
were measured to monitor site and year variation in these important environmental
factors during the study period. Variation of these factors among sites during the study
were also compared to determine if they were independent of antenna operation and to
quantify any changes in these environmental variables related to ELF EM induced
changes in community structure or productivity. Climate and soil nutrients which were
independent of antenna operation were then considered available for use in models
and statistical analyses used to evaluate ELF EM effects on other forest ecosystem
processes and attributes. ANOVA tests were used to indicate whether changes in
climate and soil nutrients among sites during the study were greater than the natural
spatial and temporal variation observed at the study sites. Multiple range tests were
then used to determine whether these changes were consistent with the operational
patterns of the antenna during the study. Finally Pearson's product correlation
coefficients were used to determine if these changes were correlated to EM field
strengths within the test sites.

Ditferences in air temperature, soil temperature, soil moisture, and relative humidity for
both or one of the site comparisons were found to increase or decrease between the
control and both or an individual test site after full power antenna operation. However,
these changes were primarily related to inherent site differences in height growth and
number of trees which survived the initial planting stress rather than EM field exposure.
Only differences in soil temperature at a depth of 10cm between the control and
antenna hardwood sites was significantly correlated (p<0.05) with 76 Hz magnetic
fields. This climatic variable was the only variable not found to be independent of
antenna operation. Although we could not conclude that soil temperature at a depth of
10cm was independent of antenna operation, there was no indication that changes in
temperature within the hardwood stands were due to any ELF induced alteration of the
communities at the antenna site.

Contents of P in the soils at the antenna significantly increased (p<0.05) relative to the
control in both stand types and differences in soil contents of K between the control and
antenna hardwoods significantly increased (p<0.05) after antenna operation. The
differences in contents between the antenna and control site of K but not P were found
to be significantly correlated (p<0.05) with 76 hz magnetic flux density measured at the
antenna. Given these results we were not able to conclude that soil contents of K
within the hardwoods were independent of antenna operation. Since no changes in
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contents of K in soils at the ground or antenna plantations were evident it seems
unlikely that the changes in soil K within the hardwood was caused by ELF EM field

exposure.
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INTRODUCTION

Background

Climate and nutrient availability are two of the most important environmental factors
contributing to the spatial and temporal variation in organisms, communities, and forest
ecosystem processes. Climate and nutrient availability affect a wide variety of plant
physiological processes such as photosynthesis, chlorophyll synthesis, cell division,
respiration, and nutrient uptake to name a few (Kramer and Kozlowski 1979, Kramer
1983, Jones 1992), whole plant attributes such as apical growth, biomass
accumulation, morphology, plant component development, and component quantity
(Zahner 1968, Waring and Schlesinger 1985, Landsberg 1986, Spurr and Barnes
1973), and community characteristics such as species distribution, species abundancs,
and community net primary productivity (Waring and Schlesinger 1985, Kimmons
1987). Since these ambient factors affect such a wide variety of ecological parameters
and have such an important role in determining the health and well-being of organisms,
one of the major efforts in this study was t0 monitor these ambient components. This
information was then used in physiological and statistical models to account for the
variation in health and productivity related to these ambient factors so that we could
more fully and accurately evaluate the effects of the ELF EM fields on the various
organisms and communities studied.

If climate and nutrient availability are to be used in such a modeling context to make
accurate assessments of ELF fields on organisms and communities, it is essential to
determine if the variation in specific climate attributes and nutrient availability indices
are independent of the EM fields and antenna operation during the study. Conclusions
based on models that employ climatic information which is not independent of ELF
antenna operation or field strengths would be unreliable or limit our ability to detect ELF
field-induced perturbations. Thus the primary effort of this portion of the study was to
document whether temporal and spatial variation in climate and soil nutrient availability
were consistent with the variation in ELF EM fields at the study site.

Although climate and soil nutrient availability were not considered as response
variables in the initial design of the study, it was assumed that any alteration in
organism processes or community structures by EM fields could also modify these as
well as other ambient variables. Thus this variation was quantified in cases where
climate or soil measures were not found to be independent of antenna operation.
These data were then compared to measurements of organism and community
attributes to determine if changes in the ambient variable corresponded to changes of
these attributes as well.

The comparison of organism and community attributes in relation to ambient variables
which are not statistically independent of ELF antenna operation can also be used to
distinguish between ambient variables which have been indirectly altered by antenna
operation from those that randomly covary with antenna operation. Although there may
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be no cause and effect relationship between a nonindependent ambient variable and
EM fields, it would still be inappropriate to use these variables in physiological or
statistical models which are used determine the effects of ELF antenna operation on

ecosystem processes.

Objectives and Test Procedures

Air temperature (2 m above the ground), soil temperature and moisture content at two
depths (5cm and 10cm), relative humidity, precipitation, air temperature (30cm above
the ground), and photosynthetic active radiation (30 cm above the ground) were
measured daily at each research site during the growing season from 1985-1993.
Macronutrient concentrations were monitored in mineral soil at each study site in June
and July each year and analyzed for macronutrient concentration. EM field strength
measurements were also monitored at the plots on an annual basis during these study
periods (Appendix D). These measurements allowed us to determine:

1) whether selected climate attributes and soil nutrient availability are
independent of EM fields and antenna operation;

2) the degree 10 which nonindependent ambient variables may have
been altered by ELF-induced changes in community or organism
characteristics.

These objectives were addressed by comparing ambient variable measurements at the
control and test sites throughout the study period. An ambient variable was considered
to be independent of antenna operation if there was no consistent change in variable
magnitude at the test sites with respect to the control site during the full-power antenna
operational study period compared to the pre-operation period or if differences in
magnitude between the control and test sites were not significantly correlated with the
76 Hz magnetic flux density (magnetic field were used as representative measure of all
76 Hz EM field intensities, Chapter 1) at the test sites during the study.

METHODS
Sampling Methods and Analytical Methods

Climate Monitoring

Air temperature (2 meters above the ground), soil temperature and moisture content at
two soil depths (5cm and 10cm) were monitored at each plot in the three study sites.
Relative humidity (2 meters above the ground) and precipitation were measured at one
plot within the plantations at each site while PAR (photosynthetically active radiation)
and air temperature 30cm above the ground were measured in one plot in each
hardwoods stand. Global solar radiation was monitored 4 meters above the soil
surface in one plot at the ground plantation. Air temperature and relative humidity were
measured using Handar 435A relative humidity (thin film capacitor)/air temperature
(thermistor) sensors. Soil temperature and soil moisture were monitored using Handar
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438A galvanic soil moisture/soil temperature (thermistor) sensors. Precipitation was
measured using a Handar Inc. 444A/B rain gauge tipping bucket, and PAR was
measured using Licor 190 SB quantum sensor. All sensor signal processing and
recording was done by a Handar 540 data acquisition platform at each site. A general
sensor configuration for the sites is listed in Appendix B.

Climate monitoring began in late 1984 on a subset of the above mentioned climatic
variables. All variables except PAR, air temperature (30cm above the ground), and soil
moisture were measured during the growing season beginning in 1985 and each
growing season thereafter through 1993. PAR, air temperature (30cm above the
ground), and soil moisture were monitored during the growing seasons from 1986-
1992. Soil moisture was also monitored during 1993. Air and soil temperatures were
also monitored during the dormant seasons on a subset of plots but frequently, routine
maintenance of monitoring equipment during this time made system operation
sporadic.

Air temperature, soil temperature, PAR, and relative humidity were monitored every 30
minutes by the Handar, Inc. 540 data acquisition monitoring platform. Global solar
radiation was monitored every 60 minutes, soil moisture was sampled every 3 hours,
and precipitation monitored continuously. A microprocessor on the ambient system
calculates three-hour averages or totals for each appropriate climatic variable. These
averages and totals as well as the soil moisture and global solar radiation
measurements were transmitted to the GOES East sateliite every three hours and
relayed to Camp Springs, Virginia. The data were transferred from Camp Springs to a
PC computer nightly.

Soil moisture sensors were calibrated each year using bulk soils collected from the
sites and dried to four different moisture contents.  Soil moisture subsampling
procedures were used at each site in order to more accurately measure soil moisture
content over the entire area of each plot. Twenty cores were randomly taken from each
plot at each site once a month. Moisture content for each depth (5 cm and 10 cm) was
determined gravimetrically from a composite of the cores from a plot. These moisture
contents were considered to represent the average moisture content for a given plot for
the day of core sampling.

Differences between the soil moisture content calculated from the cores and
measurements from the soil moisture sensors for a given plot and day of core collection
was used as an adjustment for the soil moisture readings for each plot over a monthly
time interval. To eliminate any abrupt changes in estimated soil moisture contents
between consecutive months because of the monthly adjustment, a weighting equation
(2.1) was used to determine the actual monthly soil moisture sensor adjustments. The
equation's adjustments for a given month are weighted more heavily to the month of
adjustment.
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Equation 2.1 Monthly soil moisture adjustment for a specific plot
[(CSM(M-1 )-SMS(M-1 ))+2'(CSM(M)-SMS(M))+(CSM(M+1 )-SMS(M+1 )V/4
CSM = Core Soil Moisture M = Month of M+1 = Following

from the plot Adjustment Month
SMS= Soil Moisture Sensor M-1 = Previous
from the plot Month

Daily averages or totals, maximums, and minimums were computed for each climatic
parameter using all 3_hour measurements (eight/day) transmitted by the platforms. Iif
less than six transmissions were received in a day for an air temperature, relative
humidity, or solar radiation sensor daily summaries for that sensor aré not calcuiated.
Due to the smaller diurnal variability in soil temperature and soil moisture, the
transmission limits for calculation of daily summaries for these sensors were four and
two transmissions, respectively. Weekly and monthly averages or totals were then

computed from these summaries.

Daily averages and totals during the growing season from April 1-October 31 were the
basic unit used for comparing site and years in this study element. During some years
individual variables were only monitored for a few days in April due to calibration of
sensors or the lateness in the month of snow melt and ground thaw. For these
variables (soil moisture, relative humidity, and PAR) only May 1 to October 31
measurements were used for analyses.

Weekly averages and totals corresponding to seven day periods in a month were
calculated from the daily climatic averages and totals. The first three weeks of a month
waere averages of seven-day periods and the last week of the month was the average of
the remaining days in that month. These weeks were used as repeated replicate
samples for each plot during each month of the growing season (refer to statistical

analysis section).

Daily climatic averages or totals were occasionally estimated for days in which specific
ambient observations were missing as the result of platform and sensor downtime.
Methods and criteria used to calculate these values are presented in (Mroz et al. 1993).
In some instances missing information could not be estimated for a given time period or
climatic variable. In these instances these dates were removed from the statistical
analyses. Information concerning the removal of these dates is contained in results
and discussion section for each climatic variable.

Soil Nutrient Avallability

Soil was sampled using a 2.54cm diameter push probe inserted to a depth of 15 cm in
the mineral soil. The O;, Og, and Og horizons were removed from the mineral soil prior
to probe insertion. Five composite samples made up of 4 randomly selected probe
insertion points were collected from each plot at each stand type and site beginning in
1985 in June and July. These samples were dried at 60°C, sieved and mixed, and
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then samples from the two months for a given plot, stand type, site, and year were
composited. These composited samples were then analyzed for Kjeldahl N (Bremmer
and Mulvaney 1982) and total P (Olsen and Sommers 1982) using a continuous-flow
analyzer while exchangeable Ca, Mg, and K (Thomas 1982) were determined using

atomic absorption spectrophotometry.

Initially, all nutrient analysis was performed in the year or year following soil sampling.
However, since analytical methods changed during this time all samples collected from
1985-1992 were reanalyzed in 1992 and the 1893 samples were analyzed using the
above-mentioned methods. Nutrient concentrations were combined with sample depth,
soil bulk density and coarse fragment content (Chaper 1) to calculate soil nutrient
content for each plot.

Statistical Analysis

Climate Monitoring

Climate at the control and test sites (ground and antenna) was compared to determine
1) possible alterations of microclimate related to changes in forest health or structure
and 2) whether climatic variables are independent of antenna operation for use in
growth and community development models and evaluations.  Alterations in
microclimate which could be related to antenna operation were represented in the
experimental design as increases or decreases in differences of growing season
averages or totals between the control and the test sites after antenna operation for a
given climate variable.

A split-plot ANOVA design (Appendix E,Table 1) was used to indicate whether changes
in microclimate among sites during the study were greater than the natural spatial and
temporal variation for a given climate measure. Changes among sites during the study
which could be related to antenna operation were represented by a significant site by
year or site- by-stand type-by-year interaction in the analysis. SNK multiple range tests
were then used to evaluate if these changes were consistent with the operational
patterns (full-power operation in 1989-1993) of the antenna during the study for each
climatic variable. Significant and consistent increases or decreases between the
control and test sites for a given climatic variable in the years following full-power
antenna operation (1989-1993) compared to pre-operation and testing phase (1985-
1988) would indicate that the variable may not be independent of ELF antenna
operation.

Pearson's product correlation coefficients were then used to make the final
determination as to whether these climatic variables were independent of antenna
operation. This was done by first computing the differences for a given climate
measurement between each test site plot and the contro! site for each individual study
year. Average 76 Hz magnetic flux density was calculated for each test plot
(calculated by integrating equations which related annual 76 Hz magnetic flux density
measurements to distance from the antenna for a given plot location Mroz et al. 1993
Appendix A) for each year of the study. If the differences in a given climate variable
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between the test plots and control site were significantly correlated with the magnetic
fluxes, it could not be concluded that a specific climate variable was independent of
ELF antenna operation. All tests were performed using a=0.05. Detection limits
associated with the multiple range tests are presented for each climatic variable

(Appendix E.Table 2).
Soil Nutrient Availability

Soil nutrient contents at the control and each test sites (ground and antennz) were
compared to determine if these contents were independent of antenna operation.
Alterations in nutrient contents which could be related to antenna operation were
presented in the experimental design as increases or decreases in nutrient content
differences between the control and the test sites after antenna operation. An ANOVA
test (Appendix E,Table 3) was used to indicate whether any differences in nutrient
content among sites significantly increased or decreased during the nine-year study
period. These changes were indicated by a significant site-by-year interaction in the
split-plot in space and time design (Appendix E,Table 3). If site-by-year interactions
were significant, SNK multiple range tests were used to determine if changes in nutrient
contents occurred after antenna full-power operation and whether these changes were
consistent with the antenna operation.

If multiple range tests indicated that changes in nutrient content between the control
and test sites were consistent with ELF antenna operation, Pearson's product
correlation coefficients were then used to make the final determination as to whether a
given nutrient was independent of antenna operation. This was done by first computing
the differences in content between each test site plot and the control site for each
individual study year for the specific element in question. Average 76 Hz magnetic flux
density was calculated for each test plot (calculated by integrating equations which
related annual 76 Hz magnetic flux density measurements to distance from the antenna
for a given plot location Mroz et al. 1993 Appendix A) for each year of the study. If the
differences in a given soil nutrient content between the test plots and control site were
significantly correlated with the magnetic fluxes, it could not be concluded that a
specific climate variable was independent of ELF antenna operation. All tests were

performed using 0.=0.05.
RESULTS & DISCUSSION

Climate Monitoring

Temperature

Observed average growing season daily air and soil temperatures for each site and
stand type during each year of the study are presented in Table 2.1. Air temperature
was consistently warmer at the control than the test sites each year, but there were no
consistent differences in soil temperatures between the control and test sites at either
depth. Air temperature (p=0.024) and soil temperature 5cm (p=0.012) site-by-year
interactions were significant for the control vs. ground comparisons while only soil
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temperature 10cm site-by-stand type-by-year interactions (p=0.0.12) were significant for
the control vs. antenna comparisons (Table 2.2).

Air Temperature

The significant air temperature site- by- year interactions reflect an increase in
differences in air temperature at the control and ground plantations (Figure 2.1) from
1985-1988 (0.5-1.5 OC) and then a decrease in differences from 1989 to 1993 (1.4-0.5
0C). Similar changes were also evident when comparing air temperature at the control
and antenna plantations but the magnitude of the changes was less than was observed
for the control and ground site (Table 2.1). Differences in air temperature between the
control and antenna hardwood stands, unlike the plantations, were stable over the
duration of the study (Table. 2.1). Although the decreases in the differences in air
temperature between the control and test site plantations occurred after full-power
antenna operation, the increased differences from 1985-1988 would suggest these
changes may be related to factors which are not related to ELF antenna operation.

Table 2.2 Probability levels associated with ANOVA for air temperature, soil
temperature (5cm), and soil temperature (10cm) site-by-year and site-by-
stand type-by-year interactions.

P-Level
Site x Year Site x Stand Type x Year
Control vs Ground

Air Temperature 0.024 -1
Soil Temperature (5cm) 0.012 -
Soil Temperature (10cm) 0.281 -

Control vs, Antenna
Air Temperature 0.336 0.292
Soil Temperature (5cm) 0.689 0.794
Soil Temperature (10cm) 0.486 0.012

10nly the plantation stand type is present at the ground site

Comparisons of air temperature in the two stand types at a given site (T able. 2.1) or the
average for each stand type from both the control and antenna sites (Figure 2.2)
showed an increase in air temperature in the plantations relative to the hardwood
stands from 1985-1989. In 1988 and 1989 air temperatures were significantly (p<0.05)
warmer in the plantations than in the hardwoods, but prior to or after these years
temperatures in the two stand types did not significantly differ. The increase in air
temperature in the plantations relative 10 the hardwoods corresponded to the
diminishing distance between the temperature sensor height (2 m) and the height of the
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developing red pine canopy (Table 2.3). As the majority of the trees reached or grew
above the height of the sensors, differences in air temperature between the two stand
types declined (Figure 2.2, Table 2.3). The alteration of air temperature in relation to
canopy and sensor height reflects the absorption, storage, and transmittance of short-
and long-wave radiation by the canopy surface. At times of low heat loss from
gvaporation and convection, temperature of air near the surface of the canopy has
been found to be as much as 4 °c warmer than ambient air temperatures (Larcher
1983). Temperatures within the canopy are cooler than canopy surface temperatures
due to the interception of short-wave radiation by the upper portions of the canopy. The
changes in air temperature within the plantations refiect the changes in canopy height
in relation to the height of the air temperature sensors.

The modification of air temperature by the red pine canopy not only is responsible for
the differences in air temperature between stand types but also the increase and
decreases in differences in air temperatures between the control and test site
plantations. Growth rates of the trees at the control were greater than the trees at
either test site (Table 2.3),and the canopy reached and grew above the height of the
sensor much sooner in the control plantation than in the test plantations. Furthermore,

Table 2.3. Mean red pine height (HT), proportion of permanently measured
trees between 1.25 and 2.75 min height (HINT), and number of trees/ ha
surviving at the end of each study year (SURV).

Ground Antenna Control
HT (cm) HINT (%) SURV HT (cm) HINT (%) SURV HT (cm) HINT (%) SURV

1985 22.7 0.0 3416 239 0.0 4499 28.3 0.0 5843
1986 38.7 0.0 3191 411 0.0 4152 50.9 0.0 5564
1987 63.5 0.0 2959 68.8 0.0 3782 82.7 1.0 5183
1988 95.5 8.7 2745 103.4 16.4 3353 117.7 385 4771
1989 141.7 63.7 2505 148.0 799 2910 160.8 89.1 4384
1990 181.8 845 2277 192.7 916 2544 206.3 95.1 4062
1991 2281 83.4 2072 246.5 739 2234 266.5 61.9 3810
1992 2841 47.3 1880 2995 289 1924 328.7 145 3544
1993 3386 21.6 1757 3546 11.7 1745 388.1 3.0 3398

a greater number of trees survived theinitial planting stress at the control site compared
to the test sites. Thus the differing productivity and stocking of the sites varied the
amount and the year in which air temperatures were increased or deceased by the
canopy at the three sites. Figure 2.3 demonstrates the effect of the differences in tree
heights at the control and ground plantations on the differences in air temperatures at
these two sites by comparing the differences in the proportion of trees within 0.75 m of
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the 2m air temperature level (DPMT%) to the changes in air temperature differences at
the two plantations expressed as an increase or decrease from the average differences
during the first two years of the study prior to any canopy sensor interaction (DNATD).
Figure 2.3 clearly shows that the changes in temperatures at these sites and the
significant site-byyear interactions were related to the greater productivity of the control
compared to ground plantations. Since height growth of the red pine appears to be
stimulated rather than inhibited by the EM fields (Chapter 3),it does not appear that the
air temperature at the test sites has been altered by the antenna operation.
Furthermore, comparisons of the differences in air temperature at the control and
ground plantation were not found to be significantly correlated with magnetic field
strengths (r=-0.225, p=0.268). Given these results,there is no evidence to suggest that
the air temperature at the sites is not independent of ELF antenna operation.

Soil Temperature (5cm)

Comparison of control and ground plantation soil temperatures at a depth of 5cm
showed changes similar to those observed for air temperature (Table 2.1). Soil
temperature at the control increased with respect to the ground soil temperature from
1985 to 1989, but differences decreased in the years following 1989 (Figure 2.4). For
1992 and 1€ re.  average soil temperature at a depth of 5cm in the control plantation
has been lower than temperatures in the ground plantation. Decreases in soil
temperatures in the plantations after 1988 (Table 2.1) not only reflect a decrease in air
temperature during this time but also a decrease in the amounts of short-wave solar
radiation reaching the mineral soil surface due to an increase of foliage surface area
and forest floor within the plantations. Changes in the differences in soil temperatures
between the control and ground plantations during the study reflect the greater number
of trees (Table 2.3) and a faster development of the red pine canopy at the control than
at the ground site. Although differences in soil temperatures 5cm between the control
and ground plantations changed after full-power antenna operation, the differences
were not significantly correlated with magnetic field strengths at the ground site (r=-
0.105, p=0.602). The changes in soil temperatures at the plantations were evidently
due to the inherent differences in productivity and stocking of red pine at the sites
rather than any community perturbation resulting from ELF antenna fields. Therefore,
soil temperatures at a depth of S5cm were found to be independent of ELF antenna
operation and the resulting EM fields

Soil Temperature (10cm)

The significant soil temperature 10cm site-by-stand type-by-year interactions reflect an
increase in temperatures in the control hardwoods relative to the temperature within the
antenna hardwoods after 1990 (Figure 2.5, Table 2.1). Soil temperature at a depth of
5cm within the hardwoods showed a similar trend in 1991 and 1992, but differences
between sites in 1993 were similar to differences prior to 1991. Prior to 1991, annual
variation in soil temperatures within the hardwoods corresponded to the annual
variation in air temperature. Average growing season air temperature was 1.5-2.00C
warmer than average growing season soil temperature 10cm in the control hardwoods
and 1.0-1.50C warmer than average growing season soil temperature 10cm within the
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Figure 2.3 Departure From Normal Alr Temperature Differences (DNATD) and
Differences In Proportion of Trees Within a Height Interval (DMPT) For The
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antenna hardwoods (Figure 2.6). However differences in air and soil temperature
within the control hardwoods was less than 0.7°C in 1992-1993 and in 1991 was 1.89C
within the antenna hardwoods. Changes in the relationships between air and soil
temperature at the control appear to be a result of a reduction in leaf area and a
resulting increase in insolation within the stand due to the mortality of 31 paper birch
trees in 1991 and storm damage 10 12 trees in 1992. An indication of the reduction in
the amount of foliage and thus leaf area at the control site can be made by comparing
the amounts of foliage collected by the litter traps at the two sites. The amount of
foliage collected at the control site compared to the antenna site during 1992 and 1993
was less than in any other year during the study (Chapter 4). This reduction appears to
have increased the insolation and thus soil temperatures compared to air temperatures

within the control site.

The decrease in soil temperature 10cm at the antenna hardwoods compared to the air
temperature only occurred in 1991. This change in temperature does not appear to be
related to any specific change in productivity measure within the sites. Since
differences in air and soil temperature at the antenna hardwoods during 1992-1993
were similar to differences prior to 1991 as well as prior to full-power antenna operation,
the change in soil temperature was not found to be related to antenna operation.

Although alterations in soil temperature appear to be unrelated to ELF antenna
operation, differences in soil temperature 10cm in the hardwoods at the two sites were
significantly correlated (r=-0.512, p=0.006) with average plot 76 Hz magnetic field flux
density within the antenna hardwoods (Figure 2.7). Differences increased with
increased field strengths. Given these results as well as the results from the ANOVA
test, we cannot conclude that soil temperature at a depth of 10cm within the hardwoods
is independent of ELF antenna operation. It does not appear that the change in
temperature at the antenna hardwoods in relation to the temperature at the control is a
result of a perturbation in any measured community attribute but rather unrelated
mortality events at the control site. Soil temperatures at this depth in the plantations
were judged to be independent of antenna operations due to the lack of changes in
temperatures at the test plantation in relation to the control plantations after antenna

operation.

Soil Moisture

Summaries and analyses for soil moisture content were made using observations from
May-October due to the lack of reliable measurements in April related to calibration of
sensors and the effects of frozen of soil on sensor readings. Average soil moisture
contents 5 and 10cm depths during this portion of the growing season from 1986-1993
are given in Table 2.4. Site-by-year interactions were significant for soil moisture Scm
and 10cm control vs. ground comparisons (p=0.009, p=<0.001) and control vs. antenna
comparisons (p<0.001, p=0.003). Site -by-stand type- by-year interactions were
significant for soil moisture content 5cm (p<0.001) but not soil moisture content 10cm
(p=0.080). The significant site-by-year interactions are due to an increase in soil
moisture content at the control compared to the test sites in 1990 (example Figures 2.8
& 2.9). This increase occurred in 1990 when moisture contents were at their highest
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Figure 2.7 Soil Temperature 10 cm vs. Magnetic Flux (Antenna-Control
Hardwoods) 1985-1993
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levels during the study. This was the only year in which soil moisture contents were
significantly greater at the control than the ground plantations. Although soil moisture

Table 2.4 Average dalily soil moisture 5 and 10cm during May-October 1986-1 993.

Soil Moisture Content 5cm

o/,
(<}

1986 1987 1988 1989 1990 1991 1992 1993

Control 15.5 14.1 12.6 14.3 19.7 14.6 15.7 16.2
Antenna 9.0 11.2 11.4 10.2 14.0 13.9 12.1 13.1
Ground 13.1 13.2 12.1 12.2 16.5 15.4 15.4 14.0

Control 13.3 10.7 10.1 10.3 16.8 13.9 13.3 15.2
Antenna 10.3 10.9 9.6 9.0 12.8 11.0 13.9 11.4

Soil Moisture Content 10cm

o/,
/0

1986 1987 1988 1989 1990 1991 1992 1993

Plantation
Control 144 159 144 139 186 145 146 149
Antenna 9.0 98 106 104 124 113 116 12.5
Ground 150 142 136 140 137 141 148 139
Hardwoods
Control 120 130 125 109 155 129 13.3 150
Antenna g8 111 11.0 94 127 116 119 118

contents were higher at the control than the antenna plantations in all years, differences

between the sites were greatest during 1990. The greater differences between the

control and test sites during 1990 are related to the greater levels of precipitation

received at the control compared to the test sites (Table 2.5) and the greater water-
holding capacity of the soils at the control compared to the antenna site (Mroz et al.

1993, Element 1).

Comparisons of soil moisture content Scm within the hardwoods and plantations of the
control and antenna sites show similar increases and decreases with changes in
moisture regimes for a given year. Differences between sites were generally less
during dry years than years with higher moisture contents regardiess of which stand
type is considered. However, for a given year differences between sites varied within
differing stand types. These changes likely reflect the effects of differing levels of

evapotranspiration in the two stand types and its effects on soil moisture levels rather
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Figure 2.8 Soil Moisture Content (5cm) Ground and Controf Plantation
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thanan ELFeffect. Neither annual changes in the relationships of soil moisture content
between stand types nor the site-by-year comparisons discussed previously showed
any trend which were related to ELF antenna operation. With the exception of soil
moisture content 10cm within the hardwoods, differences in moisture contents between
the control and test sites were not significantly correlated with magnetic field flux
densities. Since site-by-stand type-by-year interactions were not significant for the
control vs. antenna soil moisture content 10cm comparisons and soil moisture was not
significantly correlated with 76 Hz magnetic flux density within the plantations or at a
depth of 5¢cm, there was no evidence to conclude that soil moisture contents were not
independent of ELF antenna operation.

Table 2.5 Average weekly precipitation (April-October), average daily relative
humidity (May-October), average daily PAR ( May-July ), and average daily air
temperature 30cm (May-October).

1985 1986 1987 1988 1989 1990 1991 1992 1993

Precipitation
cm

Control 1.97 126 178 1.49 098 180 207 1 56 1.73
Antenna 2.46 118 1.87 1.77 140 172 209 146 1.83
Ground 2.41 125 178 180 1.48 160 210 1.48 1.81

Relative Humidity

o/,
/0

Control 700 625 583 703 769 709 751
Antenna 841 800 73.1 873 803 750 78.7
Ground 81.0 78.7 659 741 728 723
PAR
Einsteins/Day
Control 477 506 453 327 642 5.24 4.32
Antenna 6.33 583 6.10 556 6.69 544 6.71
Air Temperature 30cm
oC
Control 13.3 13.6 148 139 132 141 129
Antenna 12.6 12.8 136 129 11.9 133 115
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Precipitation, Relative Humidity, PAR (30cm), and Air Temperature (30cm)

Average weekly precipitation and average daily relative humidity, PAR, and air
temperature 30cm for portion of the growing seasons monitored are presented in Table
25. Precipitation and air temperature (30cm) site-by-year interactions were not
significant (p<0.05) for either the control vs. ground or control vs. antenna
comparisons; however, relative humidity and PAR site-by-year interactions were
significant for the control vs. ground and/or the control vs. antenna comparsons.
Multiple range tests indicated that differences in relative humidity between the control
and test sites significantly decreased in the years following 1990 (Figures 2.10 & 2.11).
Comparison of relative humidity at the sites during each year of the study (Table 2.5)
indicated that relative humidity at the control was higher during 1991-1993 than in any

other study year. Changes in relative humidity could be related to the change in height
of the canopy in relation to the sensor in much the same manner as air temperatures.
Differences in relative humidity between the control and antenna (r=-0.315,p=0.492) as
well as the control and ground ( =-0.779,p=0.068) were not significantly correlated with
76 Hz magnetic flux densities at the test sites. From this information, we concluded the
relative humidity at the test sites were independent of antenna operation and that any
changes in relative humidity at the sites were related to the effects of the canopy or
trees located near the sensor.

Although site-by-year interactions were significant for PAR no consistent change in PAR
at the antenna site was evident when comparing preoperational and operational time
periods. Differences in PAR at the control and antenna sites were greatest in 1989 and
1992 but were at their lowest levels in 1990 and 1991. Differences in PAR were not
significantly correlated to 76 Hz magnetic fields at the antenna (r=-0.294,p=0.522).
Since no consistent changes inPAR at the two sites were evident and differences in
PAR between the two sites during the study were not significantly correlated with 76 Hz
magnetic flux density, we concluded that PAR was independent of antenna operation.

Table 2.6 Probability levels associated with site-by-year interactions for
precipitation, relative humidity, PAR, and air temperature (30cm)

Site x Year P-Level

Control vs Ground
Precipitation 0.969
Relative Humidity <0.001

Control vs, Antenna
Precipitation 0.992
Relative Humidity <0.001
PAR A 0.051
Air Temperature (30cm) 0.996
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Figure 2.10 Relative Humidity Control and Ground 1987-1989, 1990-1993
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Soil Nutrient Availability

Soil N, P, K, Ca, and Mg contents for both the hardwood and plantation stand types are
presented in Table 2.7. Contents from 1985 were not included in either Table 2.7 or

Table 2.7. Average June~July soil nutrient content by year for antenna and
control hardwood plots.

1986 1987 1988 1989 1930 1991 1992 1993
Kg/Ha

Hardwoods

Antenna
N 1119 1187 929 989 1024 1034 1044 973

P 603 654 586 547 684 600 700 765

K 47 43 42 41 45 26 46 47
Ca 330 216 252 238 172 189 213 228
Mg 37 33 25 43 34 30 36 46
Control

N 934 1193 1047 1093 961 1038 973 954
P 804 815 774 774 783 813 751 796
K 49 54 49 59 52 45 59 64
Ca 404 384 406 570 319 291 290 305
Mg 41 53 41 67 58 41 53 52

Plantations

‘Ground

N 1092 1241 1114 1018 1206 1248 1325 994
P 569 529 450 463 603 505 551 584
K 55 57 64 65 73 43 73 69
Ca 455 460 477 430 505 456 560 383
Mg 41 46 39 65 72 46 70 58
Antenna

N 1033 1056 1003 1017 1026 1057 1095 942
P 671 612 681 555 738 632 732 908
K 55 48 52 54 58 35 65 57
Ca 456 371 351 390 330 305 375 308
Mg 42 33 27 52 49 36 48 46
Control

N 1104 1235 1175 1120 1230 1153 1232 1107
P 725 829 816 765 855 762 756 853
K 62 68 61 50 67 45 80 76
Ca 554 752 583 760 529 378 668 464
Mg 46 56 42 73 65 40 67 57
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the statistical analyses because of the extreme variation in values for both stand types
during this year (Mroz et al. 1992, 1993). The variation during 1985 within the
plantation is believed to be a result of the disturbances related to harvesting and site
preparation in 1984 while the initial unfamiliarity with the sampling procedures appear
to be responsible for the variation within the hardwoods and to some degree within in

the plantations.

Site-by-year interaction probability levels from ANOVA tests as well as detection limits
(0=0.05, p=0.50) calculated from the multiple range tests are presented in Table 2.8 for
each elemental content and stand type. Phosphorus content site-by-year interactions
were significant (p=0.05) for both stand types while Ca and K content site-by-year
interactions were significant for the plantation and hardwood stand types respectively.
Results from the multiple range tests are presented in Figures 2.12-2.15 for these
elements and stand types. Calcium (Figure 2.12) at the control plantation varied

Table 2.8. Significance levels associated with analysis of variance of each soil
nutrient content from 1986-1992 in each individual standtype.

N P K Ca Mg
Plantations
P-Level
Site x Year 0.895 0.007 0.144 0.001 0.038
Detection Limit %
Site x Year 16.1 9.3 20.5 23.4 20.3
Hardwoods
P-Level
Site x Year 0.201 0.015 0.018 0.117 0.249
Detection Limit %
Site x Year 15.5 10.7 14.1 41.0 27.7

considerably from 1986-1993. This variation at the control site is responsible for the
significant site-by-year interactions for this element. It is unlikely that this variation
reflects any actual annual alteration in Ca soil contents but is related to high spatial
variation of this element at the control site. Regardless of the cause of the variation
there is no indication that Ca contents at the test sites have decreased or increased
since antenna operation. However, changes in contents of phosphorus in the soil at
both stand types and potassium within the plantations do correspond to antenna
operation at the test sites (Figure 2.13-2.15). Levels of P increased while K decreased

at the antenna site compared to the control site during the operation time periods.
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Differences in P content between the control and antenna are currently at their lowest
levels during the 1986-93 study interval (Figure 2.16).

Differences in P contents between the antenna and control hardwoods (r=0.294,
p=0.163) and plantations (r=0.120, p=0.242) were not significantly correlated with
average 76 Hz magnetic field flux density. However, differences in K content between
the antenna and control hardwoods were significantly correlated with magnetic flux
density (r=-0.574, p=0.003). Comparisons of 76 Hz magnetic flux density and
differences in K content between the antenna and control hardwoods are shown in

Figure 2.17.

Since P contents were not significantly correlated with field strengthsythere is no reason
to doubt that this nutrient is independent of antenna operation. Due to the significant
interactions in the ANOVA and correlations with magnectic field density, we are not
able to conclude that K contents in the hardwoods are independent of ELF antenna
operation. It is unlikely that the changes in K within the antenna soils is a result of EMF
exposure since changes in the soil contents of this element in the plantations were not
evident. lrregardless,the changes K at the antenna site occurred at the same time that
the antenna system became operational and were significantly correlated with magnetic

flux density.

SUMMARY

The majority of the climatic factors and soil nutrients monitored were determined to be
independent of the ELF antenna operation and EM fields. Only soil temperature at a
depth of 10cm within the hardwoods and soil K contents within the hardwoods were not
found to be independent of ELF antenna operation. There was no direct evidence to
indicate that any of these factors had been altered at the test sites by ELF antenna
operation. However, a consistent change in the relationship between the control and
one or more of the test sites with regard to each of these factors was evident after
antenna operation which began in 1989.
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CHAPTER 3

EFFECTS OF 76 Hz ELECTROMAGNETIC FIELDS ON RED PINE AND
HARDWOOD GROWTH

David D. Reed, Elizabeth A. Jones, Peter J. Cattelino, Hal O. Liechty, and
Glenn D. Mroz

ABSTRACT

The impacts of ELF electromagnetic fields on tree productivity were examined in
both the existing hardwood stands and in red pine plantations which were
established as part of this study in 1984. Cambial development, as indicated by
weekly diameter growth at 1.37m from the ground line, was the primary response
variable examined in the hardwood stands. Weekly height growth was the
primary response variable in the red pine plantations. In addition, leaf water
potential was also examined in the red pine plantations. Seasonal air
temperature degree days, JuIY mineral soil potassium concentration, and soil
water holding capacity were utilized to account for inherent differences in growing
conditions between sites and among years for hardwood diameter growth.
Seasonal air temperature degree days and soil water potential were utilized to
account for between site and among year differences in red pine height growth.

Mapping tree locations and monitoring ELF EM fields at selected locations across
the study sites allowed the determination of EM exposure levels for each tree
within the hardwood stands and the red pine plantations. Annual magnetic flux
density level was the EM variable used to represent the entire spectrum of EM
exposure received by individual trees.

Equations developed during pre-exposure years were used to estimate tree
productivity based on annual ambient growing conditions. Differences between
the predicted and observed growth rates were examined in relation to the
magnetic flux density exposures to determine if EM exposure might be
influencing tree growth. Based on analyses through 1992, there are significant
(p<0.05) relationships between diameter growth and magnetic flux density
exposure levels for aspen (Populus tremuloides and P. grandidentata) and red
maple (Acer rubrum), and between red pine annual height growth and magnetic
flux density level (Figure 3.1).

There is no evidence (p=0.05) of an impact of EM fields on the seasonal patterns
of hardwood diameter growth or red pine height growth. There is also no
evidence (p=0.05) of an impact of antenna operation on red pine leaf water
potential.
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Figure 3.1. Estimated response ( and 95% Studentized confidence intervals)
to ELF magnetic flux density exposures for a) aspen diameter growth, and b)
red pine height growth at the antenna site.

INTRODUCTION
Background

Tree growth is sensitive to a variety of environmental disturbances. The most
widely accepted tree growth measurements are diameter at breast height (1.37 m
above the ground line) outside bark (dbh) and height. Of these two growth
measures, height is the more difficult to measure on mature trees with deciduous
species providing particular problems for measurement during the growing
season (Avery and Burkhart 1993). The installation of permanent dendrometer
bands on the stem of a tree allows measurement of minute changes (0.008 cm)
in diameter over short time intervals (Husch et al. 1982). Two additional
advantages of using dbh as a growth variable are the responsiveness of cambial
activity to environmental factors (Smith 1986) and the strong correlation between
dbh and total tree biomass (Spurr 1952, Crow 1978). Consequently,
measurement of diameter increment is the primary response variable for
assessing the effects of ELF fields on deciduous tree growth. Tree height was
used for initial stand characterization and study site selection. Deciduous tree
growth is being studied at the antenna site and the control site.

At the onset of the study, the Michigan DNR expressed concerns about possible
ELF effects on forest regeneration and establishment. Since young trees exhibit
more rapid growth rates than older trees, it is possible that ELF effects may be
more easily detected on young trees. One year before the right-of-way was
cleared for the antenna system, a plantation of red pine (Pinus resinosa) was
established at both the antenna and ground sites. At the same time, a sham
right-of-way plantation study area was cleared at the control site. Basal diameter
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and height are used as response variables in the red pine. It is possible to make
precise height measurements on the smaller conifers which allowed the use of
height in these studies. Basal (groundline) diameter is used in the red pine since
trees did not reach breast height until after antenna construction and testing was
underway. In addition to diameter and height measurements, foliar moisture
stress was also measured on the red pine seedlings.

Hypotheses and Test Procedures

Growth measurements are made on the diameters of the deciduous trees and
heights of the red pine seedlings weekly during the growing season. Red pine
basal diameter is an annual measurement made at the completion of growth in
the fall. Measurement at different times through the growing season allows
evaluation of the seasonal pattern or timing of growth as well as the annual
amount. Each analysis is designed to evaluate the overall null hypothesis:

Hn: There is no difference in the magnitude or the pattern of
seasonal growth increment before and after the ELF antenna
became operational.

This hypothesis is addressed by examining differences in the response variables
between the control and the test sites and between post-operational years and
previous years. Tests concerning the rate or distribution of growth are made
using the growth models described below. Comparisons of post-operational
years with previous years are made in part by examining differences between
observed and predicted individual tree growth over years and sites.

METHODS
Study Site Description and Sampling Methods

The antenna and control sites are both classified as being the Acer-Quercus-
Vaccinium habitat type (Coffman et al. 1983). The overstory species common to
both sites and included in the analyses are northern red oak (Quercus rubra),
paper birch (Betula papyrifera), bigtooth aspen (Populus grandidentata), quaking
aspen (P. tremuloides), and red maple (Acer rubrum). Due to the presence of
only a few aspen individuals at the sites, the two Populus species were combined
for the analyses.
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The red pine plantations at the antenna, control, and ground sites_were
established in 1984 following whole-tree harvesting of the existing stands. These
areas were planted with 3-0 stock from the US Forest Service Toumey Nursery at
approximately a 1 m X 1 m spacing. Mechanical vegetation control was
necessary in 1986 to remove competing vegetation; in 1989, it was again
necessary to mechanically remove woody stump sprouts and aspen suckers from

the plantations.

In the hardwood stands, all trees of the four species over 10 cm dbh were
equipped with permanent dendrometer bands in 1984. Tree locations were
mapped on a 0.1m grid at each plot. The population of banded trees
occasionally added and lost individuals as smaller trees grew above 10 cm
diameter and other trees died. Also, bands occasionally needed to be replaced
because of damage or growth of the trees. The bands were measured weekly
during each subsequent growing season, beginning in mid-April prior t0 leafout
and continuing through mid-October when at least 50% of leaf fall had occurred.
This usually resulted in 25-26 weekly measurements of hardwood diameter

growth each year.

Following planting, 300 red pine at each site were randomly selected for annual
measurements. These seedlings were permanently marked, their locations
mapped on a 0.1m grid, and followed through time. Basal diameter was
measured annually using calipers on these seedlings. At each site, a subsample
of 100 seedlings was selected and measured weekly for height growth. The
weekly measurements began in mid-April each year and continued until the
middie or end of July when height growth ceased. In addition to the growth
measurements, leaf water potential was obtained from destructively sampled
seedlings (the same seedlings used in the mycorrhizae studies described in
Chapter 5) on a monthly interval in 1985 and biweekly from 1986-92. A pressure
chamber was used to determine leaf water potential (Richie and Hinckley 1975).

RESULTS AND DISCUSSION
Hardwoods

The initial (1986) hardwood stand conditions are given in Table 3.1; the annual
diameter growth for each of the four species is given in Figure 3.2. Cambial
development depends on a complex interaction of tree physiological state,
competition from neighboring trees, weather, and physical site conditions. Early
in the study, the advantages of using a modeling approach to investigate possible
ELF effects on hardwood diameter growth was evaluated. After extensively
testing existing models (Fuller 1986), we determined it necessary to develop and
test site-specific models to describe the effects of tree phsyiological state,
intertree competition, site physical and chemical conditions, and seasonal growth
patterns on weekly diameter growth (Reed et al. 1992, Appendix B).
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Table 3.1 Stand characteristics at the beginning of the 1986 growing season.

Species Average Average Density Site Index Age
Diameter Height (stems ha") (m @ 50 Years) (Years)
(cm) (m)
Antenna Site
Northern Red Oak 20.82 22.24 556 22 52
Paper Birch 16.30 20.63 127 18 54
Aspen 22.82 23.51 79 20 55
Red Maple 11.85 16.31 48 18 45
Control Site
Northern Red Oak 22.69 17.62 143 21 47
Paper Birch 20.42 19.62 25 20 55
Aspen 25.37 20.27 48 21 50
Red Maple 15.23 16.43 410 17 42
a) Northem Red Oak b) Paper Birch

[
o
T

-

o

o

Average Orarnstes Growsh (om)
o
Avearage Deatiwies Gt ()
-3
¥

foes 1986 1008 1987 1968 1989 190 1991 1992 1953
Y

foas T8 08 1967 1308 190 10 1991 9 ‘9K
A{ -

['—-ms-»—-cms— . I—H-NS.CGINISO

¢) Aspen d) Red Maple

05 03
-1 =

§oad- §

1.l go‘
RS SE

3 H

20.1 !

84 1966 1508 1947 1988 980 90 1991 9@ °9W

984 1965 1988 1987 1908 1968 R0 ' 9Rr R
Yoar Year

— ACUPrTE AR - Se

Figure 3.2 Observed annual diameter growth for each hardwood species at each site, 1984-
1993.
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During growth model development, model coefficients were estimated for each
site. There were no significant differences in estimated coefficients between
sites, indicating that the trees are responding similarly to the variables in the
models at both sites. The sites were combined and a common set of coefficient
estimates were used to represent the underlying tree growth trends. The

estimated coefficients were species specific.

Cumulative weekly diameter growth is divided into two component parts: total
annual growth and the proportion of total growth completed by the date of

observation:

CGy = (Total Annual Growth) (Proportion of Annual Growth to Time t)

Total annual growth is further divided into the component parts of potential
annual growth, the effect of intertree competition, and the effect of site physical,

chemical, and climatic properties:

TAG = (Potential Growth) (Intertree Competition)

(Site Physical, Chemical, and Climatic Properties)

Possible ELF effects were tested by examining the yearly differences in total
annual diameter growth predicted for each tree and the actual measured values
for each tree. Possible changes in seasonal diameter growth pattern_were
examined by comparing the predicted and observed weekly growth rates. These
analyses use observations from all banded trees, including those banded since

1985.

Total Annual Diameter Growth

Differences between the observed and predicted total annual diameter growth
were obtained by site and year for each species (Figure 3.3). Ifthereis a change
in the way trees are responding to environmental factors then the differences
between the observed and predicted growth values will increase. It should be
emphasized that the residuals are not the predicted diameter growth values,
rather, they are the differences between the predicted and observed diameter

growth for each tree.

When examining the diameter growth mode! residuals for individual trees for
several years, it is possible for the results in one year to be correlated with those
in the next year. If there were serial correlations in the growth model residuals,
this would have to be considered in any analyses of the residuals. The
correlation between diameter growth model residuals in successive years was
examined for each species on both sites. There were no significant (p=0.05)
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correlations in the residuals from successive years for any of the species on
either site.
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Figure 3.3. Studentized 95% confidence intervals for the average differences
between observed and predicted diameter growth for each species on both
sites, 1986-1993.

Magnetic flux density exposure levels were estimated for each tree each year by
interpolating the field measurements of magnetic flux density levels (Mroz et al.
1993). These exposure levels were examined to determine if there were any
relationships between the ELF magnetic flux density and the diameter growth
model residuals for each species. Reed et al. (1993, Appendix B) noted that
several other studies (Wiewiorka and Sarosiek 1987, Krizaj and Valencic 1989,
Wiewiorka 1990) had reported relationships between plant growth for different
species and EM fields. They developed the following model for examining the
possible effects of ELF fields on the growth model residuals:
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Raik = % + By Rck + &k mGik<ty, mGj>t2
ag + By Rek t1smGista

+Y + M mGik + Yo mGik'1 + €k

where Rpjk is the residual (observed minus predicted growth) from the ith tree at
the antenna site in the kth year, Rck is the average residual from the same
species at the control site for the kth year, mGy, is the interpolated magnetic flux
density exposure level for the ith tree in the kth year, and t{ and tp are the lower
and upper thresholds of effect, respectively. The thresholds were constrained as

follows:

-Ivo + (Yo2 -4 7172)1/2]/2 Y1
‘o - (g2 - 4 v4v2) 21211

t4

to

It is important to note that the growth models were constrained during estimation
so that 0 < ty < to. The estimation procedure could, therefore, have estimated
the lower threshold at zero or both thresholds beyond the range of data,
indicating that there was no ELF field effect on the diameter growth model
residuals within the range of data. Furthermore, the model above is constrained
to be unimodal between t{ and ty, but it could have either been concave or
convex, depending on the indications in the data.

For a given species, if no differences in growth exist between the antenna and
control sites, then oy and B4 should equal zero. A nonzero value of oq indicates
an inherent difference in productivity for a given species between the two sites.
A nonzero value of By indicates that there is some environmental factor not
identified in the growth models which is affecting growth at both sites. In this
case, B4 should be approximately equal to one. If there is no response to ELF
fields a&er accounting for the other factors, then yg, ¥4, and v, should all equal
zero. Nonzero values of these parameters indicate an effect of the ELF EM fields

on tree diameter growth.

For aspen and red maple, Yo, Y1 and v, were all different from zero (p<0.05),
indicating an EM field effect on tree grovﬁh (Table 3.2, Figure 3.4, Appendix B).
The indicated response was a stimulation of growth with the peak response
occurring at 2.4 mG for aspen and 3.2 mG for red maple. The lower threshold
was 0.85 mG for aspen and 1.73 mG for red maple and the upper thresholds
were 6.79 mG and 6.08 mG for aspen and red maple, respectively. The
maximum response was 0.14 cm for aspen and 0.08 cm for red maple. These
are increases of 48% and 74%, respectively, over the average diameter growth
of the trees since the start of the study. For comparison, these findings are of
similar magnitude to responses obtained in nutrient fertilization experiments of

aspen (Van Cleve 1973).
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Table 3.2. Estimated coefficients and their asymptotic standard errors for ELF exposure
equations for each species.

Species ag B4 Yo T Y2 ty tga/

Northem Red Oak ~ -0.115"D/ 1088 01862" 2E-9  -0.009 . .
(0.195) (0.051) (0.180)  (0.002)  (0.001)

Paper Birch 0059 1131 3549° -0635  -4590 . .
(0.008) (0.063) (2.343) (0.471)  (2.901)

Aspen 0021 0178 0.382 -0050  -0.290 0.85 6.79
(0.010) (0.134) (0.102) (0.017)  (0.103)

Red Maple .0032 1331 0469 -0060 -0.635 1.73 6.08

(0.006) (0.114) (0.101) (0.014)  (0.141)

&/ The asymptotic standard errors are undefined for t1 and tp due to the constraints in the
estimation process. The threshholds were not calculated of yg, Y1, or Yo were not
asymptotically different from zero (p=0.05).

b/ A * indicates that the estimated coefficient is not asymptotically different from zero
(p=0.05).
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Figure 3.4. Estimated ELF effect on a) aspen, and b) red maple annual diameter increment at
the antenna site.
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Seasonal Pattern of Diameter Growth

Possible ELF field effects on seasonal diameter growth pattern are examined
using the Kolmogorov-Smirnov procedure to compare the distribution of seasonal
diameter growth predicted by the growth models (Reed et al. 1992, Appendix B)
to the observed distribution of seasonal diameter growth on each plot. if an
environmental factor is significantly impacting the seasonal diameter growth
pattern, the observed growth pattern will differ from that predicted by the model.

The comparisons between the observed and predicted seasonal diameter growth
patterns did not indicate any relationships with ELF fields and seasonal growth
pattern for any of the four species (Mroz et al. 1993). There were very few
instances of the observed growth pattern differing from the predicted pattern; out
of the 144 comparisons (1986-1992, two sites, three plots per site, and four
species), there were four comparisons at the control site (two oak and two aspen)
and three at the antenna site (one oak and two red maple) which indicated
differences between observed and predicted growth pattern within a year. Based
on these results, there is no evidence of an ELF field effect on seasonal diameter
growth pattern for any of the four hardwood species in this study.

Red Pine

All seedlings monitored in this study were planted as 3-0 planting stock in the
summer of 1984. Figure 3.5 illustrates the survival of seedlings at each site and
their average height and diameter at the end of each measurement year. After
recovering from planting shock, young trees usually experience exponential
growth during their early years. It is this rapid growth and strong dependence on
environmental conditions that lead to the use of the planted red pine individuals
in this study. These growth rates, as well as seedling survival, are more
dependent on temperature and moisture conditions than are the growth rates of
mature trees (Benzie 1977, 1982).

Weekly measures of height growth are the primary response variable for
investigating possible ELF field effects on the seedlings. Because a weekly
measurement period was used, possible ELF field effects on the seasonal
pattern of height growth could be examined in addition to anal¥rzing the annual
amount of growth. Only annual measurements were made of basal diameter
over the life of the study. To further investigate seedling condition, leaf water
potential was measured at biweekly intervals through the growing seasons

(1987-92).

Red Pine Height Growth

Early in the study, a modeling approach similar to that used to investigate
hardwood diameter growth was developed for these analyses. Again, as in the
hardwoods, existing models were determined to be inadequate due to poor
performance on the study sites. Jones etal (1991, Appendix B) developed a
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Figure 3.5. Observed a) number of surviving seedlings, b) average basal
diameter, and c) average total height for the permanently measured red pine
seedlings at the three sites.

height growth model for the seedlings on these sites which relates weekly height
growth to air temperature degree day accumulation and soil water potential.

As with the hardwood diameter growth analyses, the red pine analyses utilize
differences between the observed annual growth for each seedling and the
predicted annual growth for that seedling. Since the plantations were also
mapped on a 0.1m grid, estimated magnetic flux density exposure could be
interpolated from fixed point measurements for each tree. Relationships between
the height growth model residuals and estimated magnetic flux density exposure
levels are examined to test if ELF antenna operation is affecting red pine annual
height growth. A modeling approach similar to that used in the hardwood
diameter growth analyses is used here; residuals from individual trees at the
antenna and ground sites are related to magnetic flux density exposure level with
the following equations:
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mGik<t1 , mGik>t2

og + B1 Rek + Eik
ag + By Rek
+ Yo *+ V1 mGik + Yo mGik'1 + Ejk

RTik
tismGy<to

where Ryj is the residual (observed minus predicted growth) from the ith tree at
the test E;mtenna or ground) site in the kth year, Rgk is the average residual at
the control site for the kth year, mG; is the interpolated magnetic flux density
exposure level for the ith tree in the ‘f(th year, and ty and tp are the lower and
upper thresholds of effect, respectively. The thres}\olds were constrained as

foliows:

-[vo + (Yo2 -4 Y1Yz)1/2]/2 Y1
-Ivo - (vg2 - 4 7172)1/ 2)2 y4

tq

to

As mentioned earlier, the growth models were constrained during estimation so
that 0 <ty <to. The estimation procedure could, therefore, have estimated the
lower threshol% at zero or both thresholds beyond the range of data, indicating
that there was no “window" of exposure levels leading to an effect on red pine
height growth model residuals within the range of data. Furthermore, the model
above is constrained to be unimodal between t and t> but it could have either
been concave or convex, depending on the indications in the data.

As with the hardwood analyses, if no differences in growth exist between the test
and control sites, then o{r? and B4 should equal zero. A nonzero value of ag
indicates and inherent difterence in productivity for a given species between the
two sites. A nonzero value of By indicates that there is some environmental
factor not identified in the growth models which is affecting both sites. In this
case, B4 should be approximately equal to one. If there is no response to ELF
fields a&er accounting for the other factors, then g, 1. and ¥ should all equal
zero. Nonzero values of these parameters indicate an effect o %he ELF EM fields

on red pine height growth.

For red pine height growth at both the antenna and ground sites, Yo Y1, and Y?.
were all different from zero (p<0.05), indicating an EM field effect on tree growt
(Table 3.3, Figure 3.6, Appendix B). The indicated response was a stimulation of
rowth with the peak response occurring at 2.2 mG at the antenna site and 4.0
mG at the ground site. The lower threshold was 0.68 mG at the antenna site and
573 mG at the ground site while the upper thresholds were 6.80 mG at the
antenna site and 5.72 mG at the ground site. The maximum annual response
was an 0.83 cm increase in height growth at the antenna site and an 0.63 cm

increase in height growth at the ground site.
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Table 3.3. Estimated coefficients and their asymptotic standard errors for ELF exposure
equations for red pine height growth at the antenna and ground sites.

Site o B1 10 " 2 Ol to?
Antenna Site .0144' P 1107 1959 -0262 -1.208 0.68 6.80
(0.145) (0.085) (0.337) (0.070)  (0.450)

Ground Site 0247 0882 9669 -1.144  -17.865 273 572

(0.079) (0.049) (4.113) (0503)  (8.057)

a/ The asymptotic standard errors are undefined for ty and t; due to the constraints in the
estimation process. The threshholds were not calculated of g, y1. or Yo were not
asymptotically different from zero (p=0.05).

b/ A * indicates that the estimated coefficient is not asymptotically different from zero
(p=0.05).
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Figure 3.6. Estimated ELF effect on red pine height growth at the a) antenna site, and b)
ground site.

Seasonal Pattern of Height Growth

Possible ELF field effects on seasonal red pine height growth pattem are
examined using the Kolmogorov-Smirnov procedure to compare the distribution
of seasonal diameter growth predicted by the growth models (Jones et al. 1991,
Appendix B) to the observed distribution of seasonal diameter growth on each
plot. The height growth model predicts seasonal pattern of shoot elongation from
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air temperature degree day accumulation and soil water potential. if an
environmental factor is significantly impacting the seasonal diameter growth
pattern, the observed growth pattern will differ from that predicted by the model.

The comparisons between the observed and predicted seasonal red pine height
growth patterns did not indicate any relationships with ELF fields and seasonal
growth pattern (Mroz et al. 1993) for any site or year. There were no instances of
the observed growth pattern differing from the predicted pattern (p=0.05). Based
on these resuits, there is no evidence of an ELF field effect on seasonal red pine

height growth pattern at either the ground or antenna site.

Red Pine Diameter Growth

Red pine annual diameter growth was analyzed using a repeated measures split
plot analysis of covariance with plots nested within sites. The covariates used
were cumulative air temperature degree days through August, July mineral soil
total Kjeldahl N concentration, and available water at 10 cm depth during the
month of August. All covariate values were from the current year of growth. A
modeling approach was not taken; measurements within the growing season
were not made until 1989 so there were no measurements prior to antenna
operation to develop baseline relationships.

There were significant differences (p<0.05) in red pine annual diameter growth
among sites and years. There were differences among sites both prior to
antenna operation as well as after full-power operation in 1989. The relative
differences among sites were consistent before and after antenna operation. The
differences in annual diameter growth among years aré also consistent with the
exponential growth pattern for youn seedlings in the period following adaptation
to the site following planting and before the onset of competition. Examination of
the site-by-year interactions using a multiple range test indicate that most
instances of changes in the relative rankings among sites occurred prior to
antenna operation; there is no evidence of a significant ELF EM field effect on
red pine annual diameter growth.

In a related analysis, Zhang et al. (1994) examined the factors affecting red pine
biomass increment on the three sites during the 1989 growing season. They
found that differences among the sites could be explained by site physical and

climatic factors. This provides further evidence indicating that there is no
detectable influence of ELF fields on red pine annual diameter growth.

Red Pine Leaf Water Potential

The analyses of leaf water potential measurements discussed here were
conducted using data collected biweekly during the growing season from 1986
through 1992. Measurements made during 1985 were not included in the
analyses for two reasons: 1) there were cold temperatures during the initial and
final measures for that year, and 2) there was a different sampling interval
(monthly) compared to subsequent years.
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Literature suggests that leaf water potential is strongly related to soil moisture
and temperature (Nambiar et al. 1979, Hinckley et al. 1978, Fahey and Young
1984, and Teskey et al. 1984). Abrams (1988) noted a great deal of variability in
leaf water potential of non-droughted plants. In this study, leaf water potential
rarely exceeded -.5 MPa and then only for short periods in the middle of the
summer. As a consequence, leaf water potential was significantly (p<0.05), but
weakly correlated with precipitation between measurement dates (r=0.12),
average daily temperature (r=0.14), and average daily minimum relative humidity
(r=0.11). Using these factors in an analysis of covariance, leaf water potential
was found to differ among years, but not among sites; there was a significant
site X year interaction but, examining these differences with a multiple range test
indicated that the differences were not consistent over time and appeared
unrelated to the ELF field exposure levels (Mroz et al. 1983).
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CHAPTER 4

EFFECTS OF 76 HZ ELECTROMAGNETIC FIELDS.ON HARDWOOD LITTER
PRODUCTION AND FOLIAR NUTRIENT CONTENT OF RED OAK AND RED PINE
TREES

Martin F. Jurgensen, Peter J. Cattelino, and Hal O. Liechty
ABSTRACT

Litter fall is important for the transfer of nutrients and energy within a vegetative
community. This makes litter production a good indicator of possible ELF field effects
on forest ecosystems. Litter samples were gathered at frequent intervals during the
growing season at both the antenna and control hardwood sites. This provided an
estimate of change in canopy production prior to and during ELF antenna operation.
Litter was collected from five 1m2 traps located in each of three permanent
measurement plots established in uncut hardwood stands. Samples were separated
into leaves, wood, and miscellaneous components, and a subsample of leaf litter was
further separated by tree species. All litter samples were weighed and analyzed for N,
P, K, Ca, and Mg contents.

Leaf samples were also taken during the growing season from: 1) various sized
northern red oak trees (15 cm, 21 cm and 32 cm diameter) growing on both the
antenna and control sites , and 2) red pine seedlings planted on all three sites. The
samples were used to monitor possible ELF effects on leaf weight (red oak) and
nutrient accumulation (red oak and red pine).

Annual total litter fall amounts varied considerably between the antenna site and the
control site. Covariate analysis using stand and environmental variables that affect
foliage production rates was used to reduce litter fall variability between the two sites,
and increase the possibility of detecting ELF effects. Soil and air temperatures
generally showed the highest correlations with litter production, and gave the best
results when used in the analyses of covariance. These statistical tests using eight
years of litterfall showed no detectable effects of the ELF antenna field on litter weight.

Average nutrient concentrations of the various litter components and for individual tree
species showed considerable variability between the antenna and the control sites.
Covariate analysis was again used to try and separate possible ELF effects from site
and ambient factors. These results showed that significant litter nutrient concentration
differences existed between sites prior to antenna construction and were not affected
by the ELF antenna operation.

Nutrient concentrations in red oak foliage during the growing season varied between
the antenna site and the control, but these generally reflected the nutrient status of the
sites before antenna transmissions began. Similar results were found for leaf weight.
Red pine foliar concentrations were not significantly correlated with 76hz magnetic flux
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densities. Consequently, differences in red oak and red pine foliage nutrient
concentrations and weight among the three study sites were not related to operation of

the ELF antenna.

INTRODUCTION
Background

Litterfall and decomposition play an important role in nutrient cycling, soil development,
and carbon dynamics in deciduous forests (Vogt et al. 1986). Litterfall weight and
nutrient concentration data are often used to represent foliage production rates, site
quality, and nutrient efficiency in forests. These factors are responsive to tree
physiological changes and external influences which control the rate, timing, and
amount of litter production (Fyles et al. 1987). Leaf samples taken during the growing
season for nutrient analysis and weight determination would also monitor nutrient
accumulation and subsequent nutrient translocation from the foliage prior to leaf fall
(Mead 1984). These physiological processes are often affected by various natural or
anthropogenic sources before external signs of stress are evident (Margolis and Brand
1990), and would be a potential indicator of ELF field effects.

Objectives

The objective of this study was to obtain information on total litter weight and nutrient
content, and foliar nutrient levels of northern red oak and red pine during the growing
season prior to and during the operation of the ELF communication system. Two

overall null hypotheses were tested in this study:

Ho: There is no difference in the total weight of litter fall (leaves, wood, and
miscellaneous) before and after the ELF antenna became operational.

Hg: There is no difference in the foliar nutrient concentrations of northern red oak
and red pine trees before and after the ELF antenna became operational.

These hypotheses were addressed by examining the differences in litter total weight
and nutrient content, and foliar nutrient concentrations of northern red oak and red pine
growing on the ELF study sites prior to antenna operation (1985-1988) and after

antenna tranmission began (1989-1993).
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METHODS
Antenna Operation

Measurements of 76 Hz transverse (electric field in air), longitudinal (electric field in
earth), and magnetic fields were made on both study site each year (Chapter 1). Due
to the complexity of the effects of site conditions on the air and earth electric fields, only
the maximum magnetic flux exposure levels have been spatially quantified across the
study sites. The magnetic field variation was very consistent across the sites and
interpolated equations have been developed to estimate maximum magnetic flux
densities at any point within the study sites. These equations, together with litter trap
and red pine seedling locations mapped to the nearest 0.10 m (Reed et al. 1989),
provided estimates of magnetic flux exposure at the center of each litter trap and for
individual seedlings.

Sampling and Data Collection
Litter

Five 1m2 litter traps were used to monitor tree litter production on each of three 30x35
m permanent measurement plots at the antenna and control sites. Litter was collected
monthly during the summer and weekly during the onset of leaf fall in mid-September.
All litter was separated into leaves, wood, and miscellaneous categories and weighed.
Additionally, leaf litter from a 0.25 m2 compartment in each trap was separated by tree
species. Samples were composited from each collection date to provide a foliage
sample for nutrient analysis representative of the growing season.

Foliage

Crown nutrient concentrations and translocation in northern red oak leaves were
examined by collecting foliage samples monthly at both sites during the summer
months. An analysis of stem diameter data indicated that sampling trees of 15 cm, 21
cm, and 32 cm would adequately represent the distribution of red oak on each site.
Three trees of each diameter were located adjacent to the permanent measurement
plots at each site to minimize disturbance. Leaf samples were obtained from near the
top of the crown using a 12-gauge shotgun with a full choke. All litter and foliage
samples were dried at 60°C in a forced draft oven, and were ground to pass a 40-mesh
sieve for subsequent N, P, K, Ca, and Mg analysis. A representative subsample of ten
leaves was also taken from each foliage collection and weighed.

Foliar nutrient concentrations in planted red pine seedlings were monitored by
removong all one-year-old fasicles from 15 seedlings per site in October of each year.
Approximately 100-200 fasicles were randomly selected for nutrient analysis, dried at
600 C, ground, and analyzed for concentrations of N, P, K, Ca, and Mg.
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Nutrient Analysis

Concentrations of total N and P in litter and foliage were determined using a semi-micro
Kjeldah! method and a continuous flow analyzer. Ca, Mg, and K were measured by
atomic absorption spectrophotometry after ashing and dissolution by hydrochloric acid.
The National Bureau of Standards (NBS) red pine foliage standard was used as a
quality control measure for Ca, K, and Mg.

Design and Analysis

The productivity and health of forest ecosystems is directly related to the environmental
factors which influence the individual ecosystems. In order to quantify the variability in
litter production and foliar nutrient concentration, the effects of environmental factors
such as microclimate and other ambient conditions had to be determined before the
effect of a single and potentially subtle factor, such as EM fields emitted by the ELF
antenna system,could be quantified. Analysis of covariance (ANCOVA) was used to
determine if climatic and site characteristics could be used to explain the natural
variation in litter production and nutrient concentration (see Appendix G). Prior to
ANCOVA, regression analysis were used to select climate and soil nutrient variables
that explained significant variation in litterfall weights and foliar nutrient concentration.
These variables were then considered for inclusion in the SNK Multiple Range Test. An
ELF effect was indicated by: 1) a significant site-by-year interaction in the ANCOVA,
and 2) multiple range tests that show significant differences between the control and
test sites after the antenna is in operation. An alpha level of 0.05 and a beta level of
0.50 was used for all analyses. Detection limits were also determined from the SNK
tests. When a significant site x year interaction was found for litter production and
nutrient content, 76 hz magnetic flux density values were used as a covariate to see if
ELF field effects removed site differences. More detailed information on specific
statistical analyses of litter and tree foliage data are given in Mroz et al. (1993).

Potential effects of ELF fields on red pine nutrition were further investigated by
comparing site differences between foliar nutrient concentration for a given nutrient to
the 76hz magnetic flux density estimated for a given seedling location in a test site.
Only trees sampled in 1990-1993 were used for this part of the study because prior to
1990 tree locations were not recorded, and/or the antenna was operated at varying
levels of power during the year of foliage development. Consequently, red pine ELF
exposure represents the variation in field strengths within plots, not variations in tree
exposure prior to and after the operation of the ELF antenna. Relationships between
magnetic fields and differences in foliar nutrient concentrations between the control and
sample trees at the test sites were quantified using Pearson's product moment

correlation coefficients.
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RESULTS AND DISCUSSION
Litterfall Weights

Over the eight years of this study, leaves comprised between 75 - 80% of total littertall
on both sites. While the amount of woody litter showed a stronger site x year effect
than foliage production (Table 4.1), leaf litter production would be most likely affected
by changes in tree physiology (Vogt et al. 1986). In addition, the a priori detection limits
for differences in foliage litter among years and between sites were much lower than
with the wood and the miscellaneous litter fraction (Table 4.2), and so would be a more
sensitive indicator of possible ELF effects.

Litterfall weight by species differed between the antenna and control sites due to
different species composition at each site (see Chapter 1). Leaf litter at the antenna site
had a higher proportion of red maple and bigtooth aspen than at the control site.
Conversely, the control site had a much higher mass of northern red oak litter. Total
leaf litterfall weight, however, was very similar at both sites over eight years of study,
averaging 324 g/m? at the antenna site and 345 g/m? at the control site, even though
considerable paper birch mortality occurred on the control in 1991 and 1992. This is
well within the normal range of litterfall for temperate deciduous forests (Bray and
Gorman 1964, Crow 1974, Grigal and Grizzard 1975, Boerner 1984, Vogt et al. 1986).
Our analysis ELF EM field effects on litterfall of individual tree species produced results
similar to that for total leaf litterfall. Consequently, only the results of the total leaf
litterfall analysis will be discussed here. More details on litterfall from individual tree
species were presented in the annual ELF reports (e.g. Mroz et al. 1993).

Covariate analysis using stand and environmental variables that affect stand production
rates measured prior to antenna operation was used to reduce litter fall variability
among years, and improve detection limits between the antenna and control site. Total
leaf litterfall weight was weakly but significantly correlated to several climate variables.
The number of air temperature degree days between August 16 and September 15
(ATD) had the highest correlation with litterfall (r = -19) and was used as a covariate in
the ANCOVA. Analysis of variance without covariates showed significant differences
(p<0.05) in total leaf litterfall between the antenna and control sites in 1986 and 1990.
When ATD was included in the analysis as a covariate, site differences were found in
1986, 1990, and 1991. Any attempt to improve the correlation by adding or combining
climatic factors was unsuccessful. See Mroz et al. (1993) for additional information.

Several studies have found better relationships between climatic factors and deciduous
leaf litterfall by using data on a regional or latitudinal basis (Bray and Gorman 1964,
Vogt et. al 1986). Kouki and Hokkonen (1992) describe a site-specific model which
utilizes early spring and mid-summer monthly temperatures to predict needle litterfall in
Scots pine (Pinus sylvestris). They also cite several other studies that predict needle
litterfall using temperature factors with various degrees of success. However, we are
not aware of any work that has developed site-specific relationships between deciduous

leaf litterfall and on-site climatic factors.
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Table 41  Significance levels from the split plot analysis of covariance for litter
components: 1985 - 1992

Factor Foliage Wood Miscellaneous
----------- p values----------

Site 0.925 0.058 0.191

Years 0.000 0.000 0.000

Site x Years 0.085 0.000 0.195

Table 4.2. Detection limits of litter component weights between treatment sites
and among years: 1985-1992.*

Litter

Component Sites Years Year X Site
g/m2 % g/m2 % g/m2 %

Foliage 575 17.2 253 7.6 35.8 10.7

Wood 18.5 32.4 20.7 36.3 46.5 65.9

Miscelianeous 23.8 452 17.9 34.0 247 474

*The detection limits given are for differences at p=0.05 on
covariate adjusted means.
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Magnetic flux density was significantly correlated to litterfall weight (r= -.33) and was
then added into the ANCOVA along with ATD. The significant site differences found in
1986 and 1990 still remained. However, significant site differences were now also
found in 1988 and 1992 (Fig. 4.1). These occurred at various levels of EM exposure,
from low-level testing (0.31 mG) in 1986 to full-power operation (7.97 mG) in 1992. But
the antenna power varied in a similar manner for years where no significant differences
in litterfall weight were found between the sites. No consistent pattern of significant site
differences was found relative to the operation of the ELF antenna system.
Consequently,it seems unlikely that a cause-and-effect relationship existed between the
ELF magnetic flux density and litterfall weight.

Litterfall Nutrients

Total amounts of nutrients returned to the soil by leaf litter on each site reflect
differences in both litter weight and nutrient concentrations (Table 4.3). Similar
amounts of nutrient additions have been reported for leaf litter on other northern
hardwood sites (Gosz et al. 1972; Cotrufo 1977). Average foliar nutrient concentrations
for combined and individual tree species showed considerable variability between the
antenna and control sites, but none were significantly different (Table 4.4 and 4.5).

ANCOVA using climatic and soil factors as covariates (Table 4.6) was used to explain
variation in litterfall nutrient concentration. Significant site x year interactions for leaf
litter, either composited or for individual tree species, could not be removed by
covariate analyses (see Mroz et al. 1993). Multiple range tests (SNK) were performed
on these adjusted means to evaluate whether nutrient concentrations had changed in
response to ELF antenna operation starting in 1989. These results showed that in all
cases significant litter nutrient concentration differences existed between the antenna
and control sites prior to antenna operation, and were not altered by exposure to ELF
fields.

As a further test of possible ELF antenna effects, covariate analyses were run using
both environmental measurements and the ELF field exposure data for 1989, 1990,
and 1991 (Mroz et al. 1993). The inclusion of the various ELF field values did not alter
or remove the site x year interactions found for litter nutrient concentrations. Since
most leaf litter year x site detection levels are below twenty percent of the mean (Mroz
et al. 1993), these results indicate that differences in litter nutrient concentrations
between the antenna and the control site are not attributable to low-level ELF fields
generated since 1989.

Red Oak Foliage

Nutrient concentrations of red oak foliage during the growing season generally showed
little differences between the antenna and the control sites (Table 4.7). Results from
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Table 4.3. Average nutrient content of leaf litterfall at the antenna and
control sites: 1985-1992

Antenna Control
--------------- (kg/ha)-----====---
N 23.5 24 .1
P 4.6 6.1
K 11.4 14.6
Ca 37.8 41.9
Mg 5.8 5.9

Values in rows denoted by different letters are significantly different at the p=0.05 level.

Table 4.4. Average nutrient concentrations of leaf litter on the antenna and
control sites: 1985-1992

Antenna ) Control
\7/0)
N 0.72 (0.13) : 0.70 (0.10)
P 0.14 (0.03) 0.18 (0.07)
K 0.35 (0.08) 0.42 (0.07)
Ca 1.16 (0.21) 1.19 (0.20)
Mg 0.18 (0.03) 0.17 (0.02)

Numbers in parentheses are standard deviations.
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Table 4.5. Average nutrient concentrations of tree leaf litter on the antenna and
control sites: 1985-1992

Antenna Control
(%)
Northern Red Oak
N 0.73 (0.14) 0.66 (0.08)
P 0.13 (0.02) 0.17 (0.08)
K 0.33 (0.07) 0.40 (0.06)
Ca 1.06 (0.18) 1.11 (0.18)
Mg 0.12 (0.01) 0.15 (0.02)
Paper Birch
N 0.83 (0.14) 0.81(0.10)
P 0.17 (0.05) 0.18 (0.03)
K 0.42 (0.08) 0.54 (0.13)
Ca 1.48 (0.23) 1.30 (0.28)
Mg 0.27 (0.04) 0.28 (0.04)
Big Toothed Aspen
N 0.81(0.11) 0.73 (0.13)
P 0.13 (0.06) 0.15 (0.05)
K 0.38 (0.11) 0.50 (0.11)
Ca 1.42 (0.27) 1.59 (0.30)
Mg 0.27 (0.03) 0.22 (0.03)
Red Maple
N 0.48 (0.06) 0.49 (0.09)
P 0.17 (0.04) 0.18 (0.02)
K 0.27 (0.09) 0.36 (0.10)
Ca 1.12 (0.14) 1.27 (0.18)
Mg 0.19 (0.02) 0.20 (0.03)

Numbers in parentheses are standard deviations.
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Table 4.6. Climatic and soil nutrient variables used as covariates in ANCOVA for
litter nutrient analysis. (Values in parentheses are significant (p<0.05) correlation
coefficents with litterfall nutrients.)

Ca Mg K N P
ATMXO(-.35)  NKG(-.21) CAPPM(.40) NPPM(-.22) KPPM(.49)
KKG(-.16) MGPPM(.48)  ATMXS(-30) ATMNO(.45)
ATMXS(-.51)  ATDRTO(.35) CAKG(.32)

Soil nutrient covariates:
CAKG = Soil calcium (kg ha-1)
KPPM = Soil potassium (kg ha-1)
CAPPM = Sail calcium (mg k?-1)
NKG = Soil nitrogen (kg ha-1)
MGPPM = Soil magnesium (mq kg-1)
NPPM = Soil nitrogen (mg kg-1)
KKG = Soil potassium (kg ha-1)

Climatic covariates
ATMXS = Average daily maximum air temperature in September
ATMXO = Average daily maximum air temperature in October
ATMNO = Average daily minimum air temperature in October
AngRTO = Cumulative air temperature degree days from January 1 to the end
of October
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Table 4.7. Northern Red Oak foliage nutrient concentration for antenna and
control sites: 1985 to 1991

Antenna Control
(%) (%)
N 2.06 2.04
P 0.21 0.21
K 0.87 0.98
Ca 0.72 0.72
Mg 0.15 0.15
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covariate analyses using soil and climatic data showed there were no significant site x
year interactions for any foliage nutrient (Table 4.8). Nutrient detection limits for red
oak foliage were quite good (under fifteen percent) for all but P (Mroz et al. 1993). An
analysis of variance was also conducted on red oak leaf weights from the antenna and
the control sites. No significant site, month, year, and diameter interactions were
found. Consequently, red oak nutrient concentrations during the growing season were
not related to operation of the ELF antenna.

Red Pine Foliage

Similar to red oak leaves during the growing season, one-year old red pine foliage
showed little differences among the three study sites (Table 4.9). Results from the
ANOVA tests and the detection limits associated with the SNK tests (8-17%) showed
that site-by-year interactions were significant only for N and Mg in 1988 prior to ELF
antenna transmissions (Figure 4.2). These initial site nutrient differences are likely
related to the residual effects of plantation establishment on nutrient availability,
differences in soil amelioration rates, or differing acclimation rates of seedlings at the
three sites.

A further analysis of red pine nutrient concentrations in relation to 76hz magnetic fields
on the ELF test sites and the control indicated significant ELF field correlations with
foliar Ca and Mg levels (Table 4.10). However, these foliar nutrient and magnetic flux
density relationships were not consistent at both the ground and the antenna sites.
These magnetic field-related differences in red pine nutrient concentrations may be
caused by independent site characteristics which vary spatially in a manner similar to
the ELF fields at a given site. Overall, these results were similar to the red oak leaves,
indicating that red pine nutrient concentrations had not been altered by ELF antenna
operation.
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Table 4.8. Results of covariate analyses for differences in red oak leaf nutrient
concentration: 1985-1992

N, P K Ca Mg
(1) (2) (3) (4) (5)

----------------- p values
Site 024 .093 .050 235 .206
Year .000 531 .035 .002 .000
Year x Site 113 .959 .849 282 412

* Covariates used:

1 Average daily maximum air temperature, average daily maximum soil temperature at
5 cm, average daily maximum soil moisture at 10 cm, average daily maximum soil

temperature 10 cm

2 Average daily soil temperature degree days at 10 cm running total, average daily
minimum soil moisture at 5 cm, average daily maximum soil moisture at 10 cm

3 Average daily minimum soil temperature at 5 cm, average daily maximum air
temperature, average daily and daily minmum soil moisture at 10 cm

4 Average daily maximum air temperature, average daily soil temperature at 10 cm

5 Average daily maximum air temperature, average daily minimun soil moisture at 10
cm, average daily soil temperature degree days at 10 cm
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Table 4.9. Red pine seedling foliage nutrient concentrations at the three ELF

study sites: 1986 to 1993

Antenna Ground Control
(%)
N 1.16 1.11 1.12
P 0.14 0.13 0.13
K 0.40 0.40 0.40
Ca 0.25 0.25 0.26
Mg 0.09 0.09 0.09

Table 4.10. Correlation coefficients and significance levels associated with 76 hz

magnetic flux densities and foliar nutrient concentrations for the ground and

antenna sites :1990-1993

Ground Antenna
N -0.111 0.189
(p=0.418) (p=0.166)
P’ -0.057 -0.002
(p=0.715) (p=0.989)
K 0.017 0.267
(p=0.900) (p=.049)
Ca 0.367 0.197
(p=0.006) (p=0.149)
Mg 0.257 0.494
(p=0.058) (p<0.001)

*Phosphorus used 1991-1993 data
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FIGURE 4.2a

RED PINE FOLIAR NITROGEN CONCENTRATIONS 1986-1993
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CHAPTER b

THE EFFECTS OF 76 HZ ELECTROMAGNETIC FIELDS ON MYCORRHIZAL
ASSOCIATIONS OF RED PINE (PINUS RESINOSA AIT.)

Margaret R. Gale, Peter J. Cattelino, and Dana L. Richter

ABSTRACT

Mycorrhizal fungi are obligate symbionts, directly dependent on a plant's
physiology for their health. Mycorrhizae of plantation red pine (Pinus
resinosa Ait.) seedlings were chosen as sensitive biological indicators to
reflect perturbations which might be caused by ELF EM fields. Monthly
(May-October) measurements of numbers of mycorrhizal root tips were
taken on three sites (antenna, ground, and control) from 1985-1993.
Mycorrhizae were categorized into morphological types produced by
different fungal associations on red pine seedlings. Changes in both the
frequency of occurrence for different mycorrhizal types and the total
numbers of mycorrhizae per seediing were quantified for analysis both
within and among years as well as among sites. Data for analysis was
expressed as the total number of mycorrhizae per gram of seedling dry root
mass. Although significant site by year interactions were initially
determined, differences were explained using total precipitation and days of
precipitation events greater than 0.10 cm. Findings indicate that
mycorrhizal associations on red pine seedlings were not affected by ELF EM
fields.

INTRODUCTION
Background

Mycorrhizae are symbiotic structures representing a finely balanced
physiological relationship between tree roots and specialized fungi, providing
mutual benefit to both partners of the symbiosis. Mycorrhizal fungi are
obligately bound to their host requiring photosynthate from the tree for their
energy source. In return, the matrix of fungal mycelium from colonized
roots, which permeates the forest floor and mineral soil, provides the host
tree with minerals and water more efficiently than without its fungal partner.
Thus, mycorrhizal formation and numbers are sensitive to factors affecting
either the fungus component or the host plant component.

Mycorrhizae have been selected in other studies as sensitive indicators of
subtle environmental changes. Studies have been designed to monitor the
effects of acid rain on forest ecosystems using mycorrhizal numbers as the
parameter of assessment (Reich et al. 1985, Shafer et al. 1985, Stroo and
Alexander 1985, Dighton and Skeffington 1987). Others have examined
mycorrhizae and how they were affected by ozone and air pollution
(Kowalski 1987, Reich et al. 1985, Mejstrik and Cudlin 1987), and heavy
metal buildup in soils (Jones and Hutchinson 1986).

Numerous studies have dealt with the effects of ELF EM fields on root
growth processes (Robertson et al. 1981: Inoue et al. 1985; Brayman et al.
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1987; Kato 1988; Brayman and Miller 1989; Kato et. al. 1989; Rabold et al.
1989; Kato 1990; Rathore 1990). However, most of these studies have
been done in the laboratory and used aqueous solutions to grow plant roots.
No studies (to date) have assessed the effects of ELF EM fields on
mycorrhizal associations. Extremely low frequency EM fields could
detectably alter the more discriminating mycorrhizal fungus component.
Mycorrhizae data may also be used to substantiate responses seen in other
measures of tree productivity.

Hypotheses and Test Procedures

The main scientific hypothesis tested was:

HO: There are no differences in population densities of different
types of mycorrhizae on red pine seedlings before or after the
ELF EM antenna becomes activated.

The specific null hypothesis tested over all years was:

HO: There is no difference in the number of different types of
mycorrhizal root tips on red pine seedlings before or after the
ELF EM antenna becomes activated.

Other changes that could occur are reflected by possible alternative
hypotheses such as; 1) shifts in population species composition and 2)
changes in the character of mycorrhizal morphology type. Although many
types of mycorrhizae occur on these sites, this study has examined only
ectomycorrhizal fungi formed on red pine root systems.

METHODS
Sampling Methods

in conjunction with work on tree productivity, fifteen red pine seedlings per
site (five per plot per site) were sampled monthly from May to October
during years 1985-1993. To retrieve mycorrhizae-bearing roots, the
seedling's root system was excavated using a shovel, producing a soil
sample between 10-50 cm in diameter and 10-25 cm deep. Sampling areas
were enlarged as seedlings grew. Red pine seedling fine (< 3mm) roots
were extracted from this sample (in the field) to obtain approximately 30 to
60 cm of total root length. Lateral roots from each seedling with adherent
soil were wrapped tightly in individual plastic bags, placed in a cooler and
transported to the laboratory where they were refrigerated. Within two to
three days, roots were rinsed first in a small volume of distilled water (1:1
water to root/soil volume), then washed gently in tap water, placed in a
fresh volume of tap water and refrigerated. Approximately 0.25 g roots
(fresh weight) per sample were removed at this time for actinomycete
enumeration (Bruhn et al. 1993). Counting mycorrhizal tips was begun
immediately with counts completed within two weeks of field sampling.

A shallow pan containing a small amount of water was used during the root
sectioning and counting operation. The roots were sectioned into 3 cm
segments. Thirty segments were selected at random to total 90 cm of
lateral roots per seedling. As each 3 cm root segment was counted, its
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diameter and number of mycorrhizae were recorded. A mycorrhiza was
defined as a terminal mycorrhizal root tip at least 1.0 mm in length; hence a
mature dichotomously branched mycorrhizal root tip was tallied as two
mycorrhizae.

Mycorrhizae were counted by morphological type. = Three types of
morphological roots were delineated. The Type 3 ranged in color from a tan
to a deep red-brown color and was formed primarily by Thelephora terrestris
and/or Laccaria laccata (sensu lato). The second type, Type 5, had a nearly
black to deep jet-black color due to colonization by Cenococcum graniforme,
an abundant mycorrhizal fungus in the original and surrounding hardwood
forests. The third type, Type 6, was white to tan in color, floccose in form,
and is presumably colonized by Boletus, Hebeloma, Paxillus or Suillus spp.
Though slight color variations occur within morphological types, all fit within
the grouping of these three main types. A dissecting microscope was used
to distinguish mycorrhizal types. Morphology types were tallied separately
and then totaled for each seedling. Non-mycorrhizal root tips were easily
distinguishable as white root tips composed entirely of plant tissue,
obviously lacking a fungal component.

Upon completion of counting, segments were collectively (by seedling) dried
at 60°C to constant mass, then weighed. Mycorrhizal counts for each 90
cm of roots were expressed as number of mycorrhizal tips per gram (0.d.w.)
of dry root. This measure has been used in other root studies examining
mycorrhizae dynamics in forest ecosystems (Harvey et al. 1987).

Statistical and Test Procedures

Three sites (ground, antenna, and control) were used for this portion of the
study. Red pine seedlings were outplanted in June, 1984 at a Tmx1m
spacing. Although red pine seedlings were outplanted in 1984, data from
that year will not be used in the analysis. Reasons for this are: 1) nursery
seedlings are small and planting shock is known to have a significant effect
on seedling root systems and 2) ambient weather and soil data were not
available for 1984.

A nested analysis of variance was used to test site, year, and site-by-year
interactions. The error term used to test site differences was plot within
site. The error term used to test yearly differences was month within year,
and the error term used to test site-by-year interactions was year by plot
within site. These error terms were used because of the occurrence of
unequal variances in the total number of mycorrhizae per gram of dry root
among plots and among months. The following assumptions were made: 1)
site differences were mainly due to plot differences, 2) yearly differences
were mainly due to monthly variations, and 3) site-by-year differences were
mainly due to plot variations within site by year. Detection limits calculated
with three years of data prior to the fully operational ELF Antenna (1985,
1986, 1987) indicated that an overall difference of approximately 15 to 25
percent would be necessary to identify a significant difference among years
and among site-by-year interactions.

Analysis of covariance was used to explain any differences in mycorrhizal
numbers due to precipitation amounts. Precipitation variables were
averaged for the month prior to the sampling date. Correlation analysis was
used to choose the "best™ covariate(s). A significance level of p=0.05 with
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the Student Newman Keuls's Multiple Range Test was used to detect
significant differences among means.

RESULTS AND DISCUSSION

From 1985 non-mycorrhizal root tips declined until 1987 when none were
observed for the final month at the ground and control sites, and for the last
four months at the antenna site. Less than three non-mycorrhizal roots per
year have been counted since 1988. This sudden decline in uncolonized
root tips was likely a function of seedling maturation, and indicated that the
seedlings were becoming fully adapted to native soil microflora.

Type 3 mycorrhizae were the major mycorrhizal type on seedling root
systems at all sites (Figures 5.1 and 5.2). Significant monthly and yearly

fluctuations did occur on all sites.

Figure 5.1: Monthly and yearly comparisons of the total number of
mycorrhizal root tips (ECM) per gram of dry root.
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Figure 5.2: Monthly and yearly comparisons of the number of Type 3
mycorrhizal root tips (ECM) per gram of dry root.
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Type 5 mycorrhizae were significantly less abundant than Type 3
mycorrhizae (Figure 5.3; note scale change on Y axis from Figures 5.1 and
5.2). As Type 3 mycorrhizae, significant monthly and yearly fluctuations
were also observed (Figure 5.3).

Type 6 mycorrhizae were the least common type encountered for all study
sites. Type 6 mycorrhizae were first observed in late 1984 on very few
seedlings. In 1985 and 1986, no seedlings were found with Type 6
mycorrhizae. In 1987, the occurrence of Type 6 mycorrhizae were
infrequent and sporadic; they were found on all sites (but not all months).
In 1988, numbers of Type 6 mycorrhizae were similar to the 1987. In 1989,
however, numbers of Type 6 mycorrhizae declined with only the Control
and Ground sites having similar numbers in May and the Control and
Antenna sites having similar numbers in July. In 1990, numbers of Type 6
mycorrhizae significantly declined except for September when numbers
increased on the Ground site. Due to the lack of adequate information on
Type 6 mycorrhizae, it was not used in subsequent analyses.

Analysis of variance (ANOVA) was performed with eight years of data
(1985-1992) to detect differences among sites and among years, and their
interactions, on total mycorrhizae per gram of dry root. Without covariates,
mycorrhizal numbers were significantly different (p<0.05) among sites,
years, and site-by-year interactions (Table 5.1). After the ELF antenna
became fully operational, mean numbers of of Total and Type 3 mycorrhizae
were significantly less on the antenna and ground sites than on the control
site (Figure 5.4A).
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Figure 5.3: Monthly and yearly comparisons of the number of Type 5
mycorrhizal root tips (ECM) per gram of dry root.
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Table 5.1. Comparison of p values (significance of F) for total mycorrhizae
per gram of seedling root data (1985 through 1993 after
multiple analysis of covariance (ANCOVA) using some of the
highly correlated (p <.001) ambient parameters.

COVARIATE SITE YEAR YEAR x SIT
No Covariate .053 .000 .049
PRC.01 .343 .001 .054
PRC.10 .043 .002 .082
PRCTOT .555 .002 .062
PRCTOT + PRC.10 .680 | .002 222

Covariate analysis was then used to explain the differences in numbers of
total mycorrhizae per gram dry root among sites, years, year - by- site
interactions by taking into account the variation in precipitation conditions.
Mean precipitation values represent a period of approximately 30 days prior
to each mycorrhizae sampling date. Number of days precipitation greater
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Figure 5.4: Y.ear by site comparisons of (A) total number of mycorrhizal root
tips per gram of dry root and (B) total precipitation and number of

days precipitation greater than 0.10 cm.
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than 0.01 cm (PRC.01) and 0.10 cm (PRC.10), and total precipitation (cm)
(PRCTOT) were significantly (p < 0.01) correlated to total and Type 3
mycorrhizal numbers (Figure 5.4B). However, correlation coefficients were
low (r=0.12) for all three variables.

To test whether the addition of a covariate explained yearly differences in
mycorrhizal numbers, analysis of covariance (ANCOVA) was performed with
the eight years of collected data. Table 5.1 lists probability (p) values
(significance of the F statistic) after analysis of covariance, using the three
precipitation variables. The addition of two variables, total precipitation and
the number of days precipitation was greater than 0.10 cm, was also tested
in the analysis. Although p values for site factors and site and year
interactions changed (increased in most cases), yearly differences could not
be explained. Significantly fewer numbers of mycorrhizae occurred in years
1988, 1989, and 1990 compared with years 1985, 1986, 1987, 1991, and
1992. Except for 1991, differences may be due to the acclimation of
seedlings to their habitat.

Precipitation most likely affects seedling root growth and mycorrhizal
development because of the effect of drought on mycorrhizal fungi . It is
believed that some fungi have the ability to enhance root processes during
droughty periods (Allen 1991). However, there are some fungi that do not
enhance water uptake in dry periods (Allen 1991). On these sites,
mycorrhizal numbers increased with increased precipitation.

The ELF Antenna system has been operational since the fall of 1989. If
there were ELF effects on mycorrhizae numbers, the most important source
of variation attributable to these effects would be the site by year
interaction. If there was an effect, numbers of mycorrhizae from years
1990, 1991, and 1992 on the Antenna and/or Ground site(s) would be
significantly different than the numbers on the Control site or from prior
years information. This was not the case. Results indicate ectomycorrhizal
symbiosis between tree roots and fungi have not been affected by ELF EM

fields.
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CHAPTER 6

EFFECTS OF 76 HZ ELECTROMAGNETIC FIELDS ON STARFLOWER,
TRIENTALIS BOREALIS RAF. PHENOLOGY

Margaret R. Gale and Peter J. Cattelino

ABSTRACT

Coordinated timing or the phenology of herbaceous plant production is
extremely important for continued growth and health. Significant changes
in phenological processes have been used as indicators of plants under
stress. Thus, the phenology of a small herbaceous species, starflower
(Trientalis borealis Raf.), was monitored to assess the effects of 76 Hz
electromagnetic fields (ELF) on the herbaceous plant community within
hardwood stands. Phenological changes in budbreak, flowering, fruiting, leaf
senescence and leaf and stem expansion were monitored during the growing
seasons of 1985 to 1992. Research sites were established near the
overhead ELF Antenna and at a Control site located approximately 50 km
from the Antenna site. Climatic and stand characteristics were also
measured from 1985-1992 and used as covariates to explain significant
differences in leaf expansion, leaf size (area, length, and width), and stem
length between sites, and among years and site-by-year interactions.

Significant site-by-year interactions were observed for julian dates of initial
budbreak and leafout. These differences were attributed to the initiation of
sampling and not to ELF. Significant variation in stem expansion, leaf length
and width expansion, and leaf area expansion, between the antenna and the
control site, was explained using microsite basal areas, soil temperature
degree days running total at 10 cm, maximum solar radiation, and
precipitation. These covariates also explained significant variations in leaf
~ area expansions among site-by-year interactions, but significant site-by-year
differences for stem length, leaf length, and leaf width expansion were
evident. These differences did not, however, statistically reflect ELF EM
effects but possible differences in climate, handling, and other factors not
measured in this study. Significant differences in population means among
the antenna and control sites were observed before and after full operation
of ELF EM fields.

INTRODUCTION
Background

Phenological events, or the coordinated timing of certain morphological
processes, are important phytometers of plants under stress. Events, such
as stem elongation, bud break, leaf expansion, flowering, fruiting and leaf
senescence have been used in the past to monitor and assess a plant's
response to factors such as climate and soils. Morphological
characteristics, such as leaf area, stem length, number of buds, number of
leaves, number of flowers, and number of fruit have also been used to
monitor a plant's response to these factors. By combining both
phenological and morphological information, researchers have obtained a
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better understanding of the potential changes plants will exhibit in response
to perturbations.

In the past, considerable work had been done to assess the effects of
electric fields on plant growth with varying results (Gardner et al. 1975;
Miller et al. 1976; Miller et al., 1983: Adamec et al., 1989; Krizaj and
Valencie, 1989; Peteiro-Cartelle and Cabezas-Cerrato, 1989). However, all
of these studies were done in a laboratory in which field strengths were
controlled without interference from other woody plants; plants were also
grown in aqueous solutions, perlite, or on petri dishes,not in soil. Very few
studies have assessed the effect of electric fields on phenological plant
processes. Rosenthal (1975) determined enhanced responses in stem and
root lengths of sunflower seeds immediately after germination. Rosenthal
(1976) also studied general vegetation patterns adjacent to the Wisconsin
ELF EM antenna; no differences were observed.

In 1983, the US Navy installed an Extremely Low Frequency (ELF)
Communication System in Michigan's Upper Peninsula. Research sites were
established near an overhead ELF EM antenna and at a control site located
approximately 50 km from the antenna site. In 1986, low level testing of the
ELF EM system began; full operation (24 hours/day) was begun in
September, 1989 (Note: intermittent operation of the ELF EM antenna at 44
and 80 Hz did occur during the 1989 growing season; our sampling dates
ranged from late April until mid August).

The majority of ecosystems along the ELF EM antenna are forested,
consisting mainly of northern hardwoods ecosystems. These ecosystems
are extremely important resources for plant diversity and for wood products.
Starflower is an important herbaceous species in many northern, forested
ecosystems and is especially important in hardwood ecosystems of the
North Central Region. Phenophases of starflower have been well
documented in northern Wisconsin by Anderson and Loucks (1973) and in
Canada by Helenurm and Barrett (1987). Because of prior information on
phenophases and morphological characteristics of starflower and because
we considered starflower to be sensitive to site disturbances, it was chosen
as an indicator of ecosystem responses to 76 Hz electromagnetic fields.

The objectives of this study were to: 1) describe and document specific
changes in the phenological events and morphological characteristics of
Trientalis borealis Raf. prior to, and during operational use of the ELF EM
antenna and 2) use these data 10 test hypotheses of possible changes in
phenological processes and morphological characteristics due to ELF EM

fields.

Hypotheses and Test Procedures

The main scientific hypothesis tested was:

HO: There is no difference the onset of budbreak, flowering,
fruiting, and leaf and stem expansion of Trientalis borealis Raf.
between the Antenna and the Control sites within a year.
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The specific null hypothesis tested over all years was:

HO: There is no difference in the onset of flowering, fruiting,
and leaf and stem expansion of Trientalis borealis Raf. before
and after the ELF EM antenna becomes operational.

Morphological characteristics (number of buds, flowers, fruit, and leaves)
were also analyzed within the context of these hypotheses. Ambient
characteristics, described in Chapter 2, within each year were used as
covariates to explain significant differences in phenological characteristics of
leaf expansion, leaf size (area, length, and width), and stem length between
sites, and among years and site-by-year interactions.

METHODS
Sampling Methods

Data were collected on two sites (antenna and control sites) from late April-
early May until mid-August from 1985 until 1992. Each site was sampled
twice a week early in the growing season to delineate leaf expansion with
greater precision. After full leaf expansion, each site was sampled once a
week until mid-August. Parameters measured per plant for each observation
period included stem length, length and width of the largest leaf, and
number of leaves, buds, flowers, fruit, yellow leaves (leaves senescing), and
brown leaves.

To ensure an adequate representation of starflower phenophases, a
minimum sample size of 200 individual plants per site was maintained for
each observation period during leaf expansion. To achieve this goal, a 40 rE
transect was permanently marked and subsequently divided into 1 m
subplots. Individual plants within each subplot were numbered and tagged
until a normal distribution of mean stem length was attained. Stem length
was used as the response variable for this determination because it is a
prime indicator of a herbaceous plant's potential sexual productivity. A
normal distribution of stem length ensured an adequate representation of the
population for analysis of variance techniques. The number of meter square
subplots, required to obtain a minimum sample size of 200 plants, varied
between the antenna and control site and among weeks sampled. To
reduce bias in choosing the 200th individual, all individual plants were
tagged and measured in the subplot where the 200th plant occurred, hence
sample size was unequal across sampling days. This sampling method was
maintained for each individual plant until tagged individuals began to die or
were eaten. Thereafter, observations were taken only on the remaining
tagged individuals. Maximum leaf area was estimated for each plant by 1)
taking the largest leaves on 15 randomly sampled plants off the herbaceous
reserves at each observation period from 1986-1992, 2) measuring leaf
length, leaf width and leaf area on these 15 samples, and 3) developing
regression equations for leaf area (dependent variable) using leaf length and
width as independent variables

To determine if handling had a significant effect on stem length, leaf length,
and leaf wi'dth on both the control and the antenna sites, three permanent
plots (1 m<) were randomly established in 1989 on each site approximately
1 m from the sampled transect at varying distances along the transect. All
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plants within the "unhandled" plots were measured on one occasion per
year (the last measurement period for each year). Care was taken to ensure
the least amount of handling occurred to plants on the "unhandled” plots.

Analysis of covariance (ANCOVA) was used to determine if climatic and
microsite characteristics could be used to explain differences in stem
expansion {(cm/time period), leaf expansion (cm/time period), and leaf area
expansion (cm</time period) between sites (antenna vs control), years, and
site- by -year interactions (Table 6.1). Student-Newman-Keuls multiple
comparison test was used to group like means.

Because of evident microplot (subplot) variation due to differences in
overstory characteristics along the sampling transect, additional information
on basal area and canopy coverage of woody species over each subplot
was measured in 1989 (before full operation of the antenna). Basal area by
species and total basal area were estimated for each subplot using a 10
factor prism. Canopy coverage on the ground and at 4.5 feet was
measured using a spherical densiometer.

Table 6.1: Analysis of Covariance table for stem, leaf length, leaf width,
and leaf area expansion.

Source_of Variation df SS MS E

Year 7 SSy MSy MSy/MSe1
Covariates # SScy MS¢ MS:/MSe1
Error 1 (P/Y) 40‘# SSe‘] MSe1

Site 1 SSg MSg MSg/MSg2
Site by Year 7 SSey MSe,  MSey/MSc2
Covariates # SScs MScs MScg/Mse2
Error 2 (SxP/Y) 40-# SSe2 MSe2

RESULTS AND DISCUSSION

Phenological Characteristics

There were no significant site-by-year interactions (p = 0.05) for the
initiation dates for flowering, fruiting, senescing leaves, and browning
leaves, indicating that ELF EM fields after the 1989 growing season had no
effect on the timing of these phenological events. Significant site-by-year
interactions (p < 0.01) were determined for julian dates of initial leafout and
budbreak. These differences were due 1o fluctuations in the beginning
sampling date for each year. Site differences in julian dates for these
variables were not detected after the ELF EM antenna became operational.

Prior to full-power antenna operation (1985-1989), flowering and fruiting on
both sites began when the previous event (e.g., budbreak and flowering,
respectively) was at its maximum (Figures 6.1A-6.1D). Note: only
represented years for data collected in 1987, 1988 (before full operation of
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Figure 6.1: Comparison of the relative frequency and proportion of plants with one or more buds,
flowers. and fruit by sampling date on the control site 1987 (A}, antenna site 1987
(B), controt site 1988 (C], antenna site 1988 (D), controt site 1991 (E), antenna site
1991 (F), control site 1992 (G), and antenna site (1992).
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Temperature (0C)

the ELF EM antenna), 1991, and 1992 (after full operation of the ELF EM
antenna) have been included. However, in 1992, the population of
starflower growing on the antenna initiated flowering after the peak of
budbreak; fruiting began before the peak of flowering (Figure 6.1D).
Reasons for the changes observed in 1992 are unclear. In 1991, timing of
flowering and fruiting on the antenna site was similar to patterns in 1989,
1988, 1987, 1986, and 1985. Climatic conditions in 1991 (higher
temperatures and precipitation amounts) may be the reasons for similar
patterns in 1991 (Figures 6.2A-6.2B). Relatively lower temperatures and
higher precipitation amounts occurred in 1990.

Figure 6.2: Comparison of mean air temperature (A) and precipitation (B) on
the antenna and control sites. Note: mean values for air
temperatures and precipitation are not the same as presented in
Chapter 2. Values reflect starflower sampling times from late
April until mid August.
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Over all years, the number of plants with buds, flowering, and fruiting were
significantly lower in 1986, 1987, and 1988 on the antenna site than on the
contro! site (Figures 6.3, 6.4, and 6.5). Reasons for this are unknown. No
significant differences between the antenna site and control site (p = 0.05)
in the number of plants flowering and fruiting were observed after 1988.
The number of plants with buds were significantly higher on the control site
in 1989 and 1990; however these differences were not evident after 1990
(Figures 6.3C and 6.3D). No significant differences in site by vyear
interactions of initiation brown or yellow leaves were detected. These
analyses indicate no significant effects on phenological processes due to
ELF EM fields.
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gure 6.3: Relative frequency for number of plants with one or more buds by sampling date on

1988 (B), 1991 (C), 1992 (D).
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Figure 6.4: Relative frequency for number of plants with one or more flowers by sampling date on
the antenna site and the control site for 1987 (A), 1988 (B), 1991 (C), 1992 (D).
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Figure 6.5: Relative frequency for number of plants with one or mare fruit by sampling date on
the control site 1987 (A), 1988 (C), 1991 (E), 1992 (G): and ite i
(B), 1988 (D), 1991 (F), 1992 (H). and the antenna site in 1387
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Using ANOVA, stem length, leaf length, leaf width, and leaf area expansion
on the antenna site were significantly different (p <0.01) from the control
site (Table 6.2A). Year and site-by-year interactions were also significantly
different (Table 6.2A).

Table 6.2: Results of ANCOVA (p values) to determine significant
differences in stem expansion (STEM), leaf length expansion
(LGTH), leaf width (LWTH) expansion, and leaf area expansion
(LAREA) between sites, years, and site by years. '

A) No Covariates

Source of Variation STEM LGTH LWTH LAREA
Year 0.00 0.00 0.00 0.00
Site 0.00 0.00 0.00 0.00
Site by Year 0.00 0.00 0.00 0.00

B) Covariates for Stem Length (STEM), Leaf Length (LGTH), Leaf
Width (LWTH), and Leaf Area (LAREA). Bigtooth Aspen Basal Area (BTABA)
+ Northern Red Oak Basal Area (NROBA) + Natural Log (Soil Temperature
Degree Days Running Total at 10 cm)/BTABA + Natural Log (Soil

Temperature Degree days Running Total at 10 cm)/NROBA + Maximum
Solar Radiation/NROBA + Precipitation/NROBA.

Source of Variation STEM LGTH LWTH LAREA
Year 0.00 0.00 0.00 0.00
Site 0.81 0.99 0.77 0.87
Site by Year 0.00 0.03 0.03 0.69

Prior to ANCOVA, scatterplots of soil temperature degree days running total
versus the response variables indicated that the variation in the response
variables increased with soil temperature (non-constant variance). This
problem was solved by taking the natural log of soil temperature degree
days running total. Correlations were then calculated between starflower
measurements and climatic and microsite variables. The variables most
highly correlated to stem length, leaf area, leaf length, and leaf width
expansion were 1) maximum solar radiation (SOLMX) (r=-0.14, -0.38, -
0.37, -0.40, respectively), 2) natural log of soil temperature degree days
running total at 10 cm (LST10DRT) (r=0.17, 0.53, 0.58, and 0.66,
respectively), 3) bigtooth aspen basal area (BTABA) (r=0.22, 0.30, 0.29,
and 0.25, respectively), and 4) northern red oak basal area (NROBA) (r=

-0.20, -0.30, -0.29, and -0.26,respectively).

Interactions between climate variables and microsite variables were also

highly correlated to stem length, leaf area, leaf length, and leaf width
expansion lie., LST10DRT/BTABA (r=-0.12, -0.21, -0.18, -0.16,
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respectively), and LST10DRT/NROBA (r=0.16, 0.30, 0.30, 0.24,
respectively) SOLMX/BTABA (r= -0.20, -0.30, -0.32, -0.30, respectively)).
Although not highly correlated to leaf area, leaf length, and leaf width
expansion, the interaction SOLMX/NROBA (r=-0.04, -0.03, 0.01, -0.07,
respectively) was used as a covariate to explain the greater component of
northern red oak trees on the control site than on the antenna site.
Precipitation and its corresponding interaction with basal area estimates
were not as highly correlated with stem length, leaf area, leaf length, leaf
width as other ambient data (absolute r values ranged from 0.02 to 0.16)
but added significant amounts of explained variation in the response
variables when used in covariate analysis (Table 6.2B).

The use of these covariates explained significant amounts of variation in leaf
area, leaf length, and leaf width expansion between sites but not among
years (Table 6.2B). These covariates also explained significant amounts of
variation in site-by-year interactions for leaf area expansion. However, site-
by-year interactions for leaf length, leaf width, and stem length expansion
were significantly different (Table 6.2B). When individual means for stem
length, leaf length, and leaf width were compared, no discernable patterns
due to ELF EM effects were observed (Figures 6.6A-6.6C). Mean values for
all variables decreased on both the Antenna and the Control site over the
eight years of this study (Figures 6.6A-6.6C). Reasons for this are unclear.

A separate study was done to determine if continued handling could have
affected the population of plants on these sites. Mean stem lengths, leaf
lengths, and leaf widths on both the "handled” plots and the "unhandled”
plots on the control site and the antenna site were then statistically
compared. In 1989, results indicated that there were no significant
decreases (p >0.20) in stem length, leaf length, and leaf width of "handled"”
plants on both the control site and the antenna site. In 1990 and 1992,
similar results were determined. Due to problems in data acquisition,
handling data collected in 1991 were lost. In 1989, 1990, and 1992, no
significant interactions (p = 0.05) were determined among site and handling
treatments. Therefore, handling had no significant effect on the above-
mentioned variables.

Morphological Characteristics

Observations in the past years suggested a clonal difference between the
population of starflower on the antenna site versus the population on the
control site. In 1990, starflower plants and soils from each site were
collected off the herbaceous transects and reciprocally transplanted on to
the other site. Plants were randomly chosen from each site and placed in
the same light regime on the other site. Plants were then measured in early
September to determine if there were morphological differences between the
two sites. In 1990, the transplant study indicated that there was a
significant reduction (p < 0.05) in the stem length of plants taken from the
control and planted on the antenna site versus average stem lengths on the
control site. Number of leaves, leaf lengths, and leaf widths were not
statistically different between the sites. At this time, there is no explanation
for these results. In 1991, none of the transplants could be found on either
site, thus this study was not continued in 1992. It is believed that the
transplants on both sites did not produce a rhizome at the end of the
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Figure 6.6: Comparison of leaf widths (A), ieaf lengths (B), and stem lengths
(C) for the control versus the antenna site for years 1985-

1992.
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growing season in 1990. This was probably due to transplant shock and/or
other climatic factors.

Using regression analysis, linear equations were fit to observations of leaf
area using leaf length and leaf width measured on destructively sampled
starflower plants off the herbaceous reserves for each year (1986-1992) on
each site (Table 6.3). The independent variable of leaf width x leaf length
explained over 98 percent of the variation in leaf area for both sites in
1986, 1987, 1989, 1990, 1991, and 1992. Ninety-two and 96 percent of
the variation in leaf areas was explained using the variable leaf width x leaf
length for the control and the antenna sites, respectively, in 1988.. Higher
standard errors occurred with the development of the 1988 curves (Table

6.3).

Table 6.3. Leaf area (LA) equations for each site in each year and for all
sites and all years using leaf width (Lw) and leaf length (LI).

Site (Year) Equation Sy_x1
Control Site (1986) LA = 0.09 + 0.55 (Lw x LI} 0.20
Control Site (1987) LA = 0.11 + 0.56 (Lw x L) 0.18
Control Site {1988) LA = 0.40 + 0.52 (Lw x LI) 0.68
Control Site (1989) LA = 0.05 +.0.57 (Lw x LI 0.18
Control Site (1990) LA = 0.08 + 0.56 (Lw x Ll) 0.16
Control Site (1991) LA = 0.13 + 0.56 (Lw x L) 0.21
Control Site (1992) LA = 0.15 + 0.57 {Lw x LI) 0.22
Antenna Site (1986) LA = 0.13 + 0.55 (Lw x LI) 0.26
Antenna Site (1987) LA = 0.13 + 0.56 (Lw x LI) 0.34
Antenna Site (1988) LA = 0.32 + 0.52 (Lw x LI) 0.60
Antenna Site (1989) LA = 0.05 + 0.56 (Lw x LI 0.24
Antenna Site (1990) LA = 0.15 + 0.54 (Lw x LI) 0.37
Antenna Site (1991) LA = 0.12 + 0.54 (Lw x LI) 0.35
Antenna Site (1992) LA = 0.20 + 0.54 (Lw x LI) 0.28

1 Standard error of regression

Regression coefficients (intercepts and slopes) were tested to determine if
there were significant differences (p = 0.05) between sites (antenna vs
control), among years, and among site- by-year interactions. In 1992,
significant (p < 0.001) year and site differences in both the slopes and the
intercepts were observed. Intercepts for the antenna and control sites in
1988 were again significantly greater than in 1986, 1987, 1989, 1990,
1991 and 1992; the intercept for 1989 was significantly lower than all other
vears. Slopes for the antenna and control sites were significantly lower in
1988 than for 1986, 1987, 1989, 1990, 1991, and 1992. These
differences may be due to inaccurate leaf sampling techniques. However,
these differences indicate no significant effect due to ELF EM fields.
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CONCLUSIONS

Differences in phenological events of starflower (bud break, flowering,
fruiting, leafout, leaf senscence (yellow and brown)) between the antenna
and control sites were not evident after the ELF EM antenna became fully
operational (September, 1989). Significant variation in stem expansion, leaf
length and width expansion, and leaf area expansion between the antenna
and the control site can be explained using microsite basal areas, soil
temperature degree days running total at 10 cm, maximum solar radiation,
precipitation, and interactions between these variables. These covariates
also explained significant variations in leaf area expansions among site -by-
year interactions but not for stem length, leaf length, and leaf width
expansion. However, differences were not related to ELF EM fields. Our
conclusion is that ELF EM fields have not significantly influenced starflower
populations on the antenna site.
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ELF Electromagnetic Field Site Selection Criteria
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ELF Electromagnetic Site Selection Criteria
(Brosh et. al. 1985)

Control plots shall be selected at locations where electric fields in soil near the
surface of the earth produced by the ELF system are on the average at least one
order of magnitude and preferably two orders of magnitude less than those at
paired test plots. The same relationship shall exist for magnetic field
components between test and control plots. Electric and magnetic fields in air
and earth produced by other ELF sources (e.g., power lines) shall not differ by
more than one order of magnitude between paired test and control plots, and at
test plots should be at least one order of magnitude below the fields produced by
the ELF system.

It is also desired that the fields produced by the ELF system at the test sites be
at least one order of magnitude higher than the 60 Hz fields (e.g., power lines) at
the control sites.

These conditions can also be stated as follows:

T (ELF)

(1) aE_I_.F-_)ZIO

T (ELF)

T (60) 210

(2)

T (ELF)
C (60)

(3) 210

T (60)
(@) 01 S10

where: T (ELF) = Test site EM field level due to ELF system
T (60) = Test site EM field level due to power lines
C (ELF) = Control site EM field level due to ELF system
C (60) = Control site EM field level due to power lines.
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APPENDIX B

Study site location maps and plot configuration of the Herbaceous Plant and
Tree Studies
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ELF ANTENNATEST PLOTS
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. \ ‘
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ELF Ecological Monitoring Program
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Michigan Technological University
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ELF CONTROL PLOTS
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ELF Ecological Monitoring System
Trees and Herbaceous Plants Study
Michigan Technofogical University
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APPENDIX C

Soil Profile Descriptions
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Soil Classification
Ground Site

Pedon Classification: Alfic Haplorthod; sandy, mixed, frigid.
Location: Marquette County, Michigan

Vegetation and Land Use: Northern hardwoods. Forested.
Parent Material: Outwash.

Physiographic Position: Rolling. Upland.

Topography: Undulating.

Drainage: Well drained.

Groundwater: Below 175 cm.

Sampled by: C. Trettin, P. Cattelino.

(All colors are for moist condition unless otherwise stated.)

03 3100 cm (110 0 inches), Well decomposed hardwood litter.
A 407 0to 5 cm (0 to 2 inches). Dark reddish brown (5YR 2.5/2) loamy sand; weak fine granular

structure; friable; many fine and medium, and few coarse roots; 3 percent coarse fragments; abrupt wavy
boundary. (2to 6 cm thick)

E _408 5to 14 cm (2 to 6 inches), Pinkish gray (SYR 6/2) sand; weak fine granular structure; very

friable; many fine and medium, and common coarse roots; 3 percent coarse fragments; abrupt wavy
boundary. (6 to 23 cm thick)

Bsl 409 14 to 45 cm (6 to 18 inches), Yeliowish red (SYR 5/6) sand; weak fine subangular blocky

structure; friable; common fine and medium roots; 2 percent coarse fragments; clear wavy boundary. (19
to 38 cm thick)

Bs2 410 451to 72 cm (18 to 28 inches), Yellowish red (SYR 5/8) sand; weak fine subangular blocky

structure; very friable; common fine and few medium roots; 15 percent coarse fragments with a stone line
comprised of rounded cobbles; clear wavy boundary. (18 to 24 cm thick)

2B\ 411 7219 92 cm (28 to 36 inches). Strong brown (7.5YR 4/6) fine sandy loam with few thin reddish
brown (5YR 4/4) ciay films; medium subangular blocky structure; friable; few fine and medium roots; 50
percent coarse fragments; clear wavy boundary. (9 to 21 cm thick)

2C 412 9210 175 cm (36 to 69 inches). Dark reddish brown (SYR 3/4) sandy loam; weak fine granular

structure; friable; few fine and medium roots; 70 percent coarse fragments.
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Soll Classification
Antenna Site

Pedon Classification: Entic Haplorthod; sandy, mixed, frigid.
Location: Marquette County, Michigan

Vegetation and Land Use: Northern hardwoods. Forested.
Parent Material: Outwash over water-worked till.
Physiographic Position: Rolling upland. ;
Topography: Undulating. Gradient is 7 percent. South aspect. Concave. Slope length is 200 ft.
Drainage: Well drained.

Groundwater: Below 160 cm.

Sampled by: C. Trettin, C. Becker, E. Padley, K. Warren.

(Al colors are for moist condition unless otherwise stated.)

0i__2101.cm (110 .2inches), Undecomposed hardwood litter.
0a 1100 c¢m (210 0 inches), Well decomposed hardwood litter; many fine and common medium roots.

A 388 0to2cm (0101 inch), Black (N2) loamy sand; weak fine granular structure; very friable; many
fine and medium, and few coarse roots; very strongly acid; abrupt smooth boundary. (2 to 3 cm thick)

Pinkish gray (7.5YR 6/2) sand; weak fine granular structure; very
friable; many fine and medium, and common coarse roots; 2 percent coarse fragments; strongly acid;
abrupt wavy boundary. (Sto 13 cm thick)

Dark brown (7.5YR 4/4) loamy sand; weak fine subangular blocky
structure: friable; many fine and medium, and common coarse roots; 3 percent coarse fragments;
strongly acid; abrupt wavy boundary. (12to 16 cm thick)

i Yellowish red (5YR 4/6) fine sand; weak fine subangular blocky
structure; friable; common fine and medum, and few coarse roots; 3 percent coarse fragments;
moderately acid; clear wavy boundary. (12to 19 cm thick)

Strong brown (7.5YR 5/6) sand; weak fine granular structure;
very friable; few fine and medium roots; 1 percent coarse fragments; moderately acid; clear irregular
boundary. (22 to 65 cm thick)

Dark brown (7.5YR 4/4) very stony loamy sand; moderate
medium subangutar blocky structure; friable; few fine and medium roots; 30 percent coarse fragments in
stone line at top of till; moderately acid; gradual wavy boundary. (23 to 28 cm thick)

Strong brown (7.5YR 4/6) very stony loamy sand; weak fine
granular structure; friable; few fine and medium roots; 30 percent coarse fragments; moderately acid.
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Soil Classification
Control Site

Pedon Classification: Alfic Haplorthod; coarse-loamy, mixed, frigid.

Location: Iron County, Michigan. SWvs, SW4 Section 3, T41N, R32W.

Climate: Average annual precipitation is about 850 mm; mean annual air temperature is about 8°C.

Vegetation and Land Use: Woodland (Red oak, white birch, aspen, sugar maple).

Parent Material: Glacial till o

Physiographic Position: Rolling upland.

Topography: Complex slopes. Gradient is 3 to 5 percent. Southeast aspect. Concave, upper slope
position. Slope length is 30 meters.

Groundwater: Below 230 cms.

Sampled by: R. Wendell, B. Wilczynski. September 20, 1984.

(All colors are for moist conditions.)

i Undecomposed hardwood leaves and twigs; very strongly acid; abrupt smooth
boundary. (2to 3 cm thick)

Partially decomposed hardwood litter; very strongly acid: abrupt smooth boundary.
(0 to 2 cm thick)

Dark reddish brown (SYR 2.5/2) fine sandy loam; weak fine granular structure; very
friable; many fine roots; extremely acid; clear smooth boundary. (2to 5cm thick)

Pinkish gray (SYR 6/2) fine loamy sand; weak fine subangular blocky structure; friable
many fine and common medium roots; extremely acid; clear wavy boundary. (5to 9 cm thick)

Yellowish red (SYR 4/6) fine loamy sand: moderate medium subangular blocky
structure; friable; many fine, common medium and few coarse roots; 3 percent pebbles; medium acid;
gradual smooth boundary. (19to23cm thick)

Yellowish red (5YR 5/8) fine sand; strong medium subangular blocky structure;
friable: few fine and many medium roots; 4 percent pebbles; slightly acid; clear smooth boundary. (20 to~
23 cm thick)

' Reddish brown (SYR 5/3) fine sandy loam; moderate medium subangular blocky
structure; friable few medium roots; few fine vesicular pores; 9 percent pebbles; medium acid; gradual
smooth boundary. (12to 14cm thick)

(B/E)1 555 67 to 109 cm. Reddish brown (5YR 4/4) gravelly fine sandy loam (Bt) and light reddish
brown (5YR &/4) fine loamy sand (F); strong fine subangular blocky structure (Bt) and strong medium
subangular biocky structure (E); friable; few fine and few medium roots; few fine vesicular pores; 34
percent pebbles; medium acid; gradual smooth boundary. (38 to 40 cm thick)

Red (2.5YR 4/6) sandy loam (Bt) and yellowish red (5YR 5/6) loamy sand
(E); strong medium subangular blocky structure; friable; few fine roots; few very fine vesicular pores; 13
percent pebbles; slightly acid; clear smooth boundary. (17to 19cm thick)

C 557 124 10 230 cm. Yellowish red (SYR 5/6) sand; single grain; loose; 8 percent pebbles; slightly
acid: few irregularly spaced red (2.5YR 4/6) loamy sand bands.

NOTE: A layer with 70 percent pebble content occurred between 89 and 109 cm. -
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APPENDIX D

ELF Electromagnetic Field Exposure Data
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lugen) R IiT Research Institute
. R; ! 10 West 35th Street
- ._l Chicago, lllinois 60616-3799 312/567-4000
snce 1936

21 January 1994

Glen Mroz, Ph.D.

Department of Forestry

Michigan Technological University
Houghton, Ml 493831

RE: 1993 ELF EM Exposure Information

Dear Dr. Mroz:

[ In support of your final data analyses, the following are enclosed:

L 1993 EM exposure values

l
° Paired-site EM exposure ratios based on 1993 values
L Fixed probe earth electric field values

L NRTF-Republic operating parameters for January-October 1993.

The EM field measurement report will be distributed in March. Please contact me if you
have any questions regarding this material or need additional information prior to your
receipt of this report.

Sincerely,

IIT RESEARCH INSTITUTE

E ot ol
David P. Haradem

Senior Engineer
(312) 567-4622

Enclosures (4)
DPH/bjm
cc: JPickens

JEZapotosky
File

LT-DH-17 139
COMMITMENT TO EXCELLENCE




o> o> 1 ot - - - . - - . se-eLy
Q> Q> / ot - - - - - - - se-ely
> > / p# - - - - - - - ve-cly
> Q> / ptt - - - - - - - €e-cLy
9> Q> / o# - - - . - - - e T AR 4
9> Q> / ot o - - - - - - 61-cly
> Q> / o p# - - - - - - 81-2ly
9> 9> / o o - - - - - - Li2ly
9> > / o ¥ - - - - - - 91-21v
> > / ¥ o# - - - - - . Gi-2ly
Q> / / ot pit / > > > - - vi-elp
g te / o p# / > > > - - €i-2ly
9> q>™ / o p# / > > > - - chely
9> > / p# o > > > > - - L2y
Q> 9> / p# p# > > > > - - 0121y
> 9> / pi o > > > > - - 6-2lb
Q> 9> / o p# / > > > . - a2y
> > / o o / > > > - - 121y
> > / p pi# / > > > . - 92Ly
> P / o o / > > > - - Sely
Q> Q> / p# o / > > > - . v-ely
9> ¢~ / o o / > > > 1000 - €-cly
p> / p> Q> p> > > > > - - €i-10b
p> / p> Q> p> > > > > - - A5 384
p> / p> 9> p> > > > > - - L1110V
0> / p> e p> > > > > : : 01-10¥
p> / p> 9> p> > > > > 2000 - 6°10¥%
P> / p> > p> > > > > $00°0 - 8-10b
»” / > 9> P> > > > > 900°0 - Fadtel
p> / 0> 5> p> > > > > €000 - 9-10b
€661 2661 1661 0661 6861 ,8861 21861 q9861 5661 o861 «€861 ‘Id ‘sespy
"ON o)E

(2 Jo 1 abed)
$3]|pn}s BI0]JOIDIW [0S pue elol4 pueidn.
(w/A) STILISNILNI 1314 21HLO313 HIV ZH 09 "€-d 318VL

140



‘plol} 91900 Ypes uo peseq W/A 100°0> pojeWse juswoInseall = > quouns ejedwe G| ‘uo seuuaue = p

-uopiesedo vuusue Aq pepnjooid ueweinseow = # “JopjuIsuBs) O} POIOBULOD ‘Jjo sBULLUB = O

‘ug)e) joU juowoinseew =/ “sopwsuuy} j8 popunoib ‘o seuueiue = q

-paysjjquise 10u jujod juoweinseew = - ‘poIONJSUOD JOU SBULGIUE = ¥
/ 9> / ql00'0> q00°0> 100°0> 100'0> - - - - 1-€sy
/ 0> p> 9> »> > > - - - - }-2Sy
/ q200°0 q810°0 qL100 q1100 £€0°0 €100 - - - - t-isy
Q> q” / p# ¥ - - - - - - (74 A0
't q” / ot o - - - - - - 61y
g g / o o . : . - . - 8I-bLy
Q> > / o o - - - - - - Li-viy
DV DV { v* U‘ - - - - - - 9l-viv
q> Q> / o p# - - - - - - Si-viy
Q> 9~ / o ¥ - - - - - - 145244
q” it / o o - - - - - - ei-biv
't 't / o p# ! S00°0 > - - - r4% A0
Ptd e / o¥# o / oto0'0 > > - - 135444
q> q> / p#t ot > > > > - - oi-viv
Q~ It / o o > > > > . - 6viv
> > / o# o > > > > - . s-vivy
't q~ / ¥ o# > > > > - - vly
Q> > / ot o > > > > - - [ 0'Ak
'td > / o# ¥ / 9000 > > - - Sviv
9> q> / p# p# / 100'0> > > €000 . Ladid

€664 2661 1661 0661 6861 08861 o486} q9861 #5861 w861 +£861 d 'seely
"ON oUs

(z jo Z ofed)
so|pn|S B10[J0ID|N ||0S pue elo]d pueldn
(w/A) SIILISNILNI @314 O1HLO3 13 HIV 2H 09 °€-a 3718Vl

W41




qc€'0 q0E0 q09°0 ot - - - . - - - ge-zly
4SE0 4920 qEL0 o - - - - - - - sezly
qSE'0 4820 q}80 o - - . - . - - ye-aly
o/€0 ql€0 qSL°0 of - - - - - - - gezly
q0E0 q920 q}90 ot - - - - - - - ge-2ly
q9€0 o520 q¥90 p# o . - - - . . 612y
o620 48510 o£L0 o pt - - - - - - 8-l
q}€0 qEL1'0 4£60 ot o - - - . - - Li-eLy
q0S0 q€C0 q990 o o - - . - - - gt-aly
4650 oSE0 ql0't o o# - . - . - . si-2iy
q620 Q820 q8L0 ot o# 12’0 Se0 62'0 19°0 - . vi-2Ly
q8¢0 qc0 qZ8°0 pt* p# s2'0 1€0 1£'0 9’0 . - ci-ely
qSE0 4820 qEL0 o p# / ¥2'0 8£'0 o - - zi-ety
o€€0 qv€0 2L o ¥ ev'0 1£°0 ov'0 is'0 - - b2y
q£€0 qSc0 qil’0 o# p# 9910 SS1°0 ceo 144" - - ol-21y
Q920 q€20 q¢9'0 o o s2'0 €8i'0 10 6v'0 - - AL
q82°0 q¥2'0 TN pt p# / 20 0640 0 - - g-ely
q¢€0 q¢c 0 qhl0 p# o 820 1610 250 er'o - - L2y
q}€0 qOE0 qv8'0 o# ot 220 2610 9¥'0 990 - . 921y
420 q5¢0 qlL0 o o 020 020 eeo €v'0 - - sy
q661°0 q¥20 q65°0 p# o sz'0 0e'0 ¥2'0 Le0 - - e
450 q02'0 4250 o p 82'0 20 v61°0 6€'0 1s'0 - XAl
p920'0 pbe pP10°0 q6€00 pSc0°'0 §90'0 ov0'0 0£0°0 ovo'0 - - €1-10%
pSS0°0 pe? pEE0°0 qe¥0'0 pe¥0'0 £60°0 S20'0 1040 voi'o - - ci-iov
pll00 ph'6 p8Y0°0 ¢890°0 p990°0 ovi'0o eero o0 0910 - - L1-10¥
p6S0°0 pS'L p0E0'0 q}+0'0 pbS0'0 9010 siLi'o 89070 0600 - - 01-10¥
p2c0'0 pb9't p810°0 q£20°0 p€20°0 2800 ¥€0'0 ¥20'0 6100 110'0 - 6-10%
p6¥0°0 pt'9 p020'0 4£90°0 p810°0 8.0°0 1640 1200 Livo ¥01'0 y 8-10¥
pv90°0 pl'9 pEY0'0 q6€0'0 p0E0’0 8110 8L1'0 L1000 €210 £rL’o - L-10v
pcc0’0 pls't pc10’0 420’0 p9100 £20°0 €100 S00'0 9100 c200 - g-10¥
£661 ce6! Lesi 0661 6961 28861 21861 q9861 «5861 w861 «£861 d 'suoN
. "ON OliS

(2 Jo | ofied)
s3|pnis vIOJOIOIN [0S pue BiO]4 puejdn

(w/Aw) SIILISNILNI @1314 21410313 H1HVA ZH 09 °t-a JA78VL

142



queuns eledwe oGt ‘uo seuuolUY = P

‘uopeiedo vuuoue Aq pepnjooid juoweinseew = # ‘JojjusuBI} O} POJOBULIOD ‘JJO SBULIGIUE = O

‘ueje} Jou Jusweinseew =/ ‘Jeyjwstial} 18 pepunciB ‘o seuuoiue . = q

‘peys||qeise jou jujod jusweinseow = - ‘pOIONISUOD JOU SPUUGIUE = ¥
/ qE¥’0 q69'0 ano.o ans..o eL't S9°0 - - - - €SP
/ <L q090°0 q890°0 q2E00 6010 sS40 - - - - 1-2sy
/ €€ qt'6 ol'St -1t rrq} S8 - - - - 1-iSp
aEE0 £€0 ql20 o p# . - - . - - 0z ¥ly
oSL'0 20’} qlt't o o - - - - - - 6l-¥ly
o'y oL’y Y p# o - . . - - . 8i-bL¥y
/ ate / pi# o - - . . . . LIy
o't o8 o'y o# o - - . - . - al-vly
q66°0 99’} 62’} pi# p# - . . - . - Si-vly
q8€0 q8L0 q€S0 p# o - - - - - - vi-vly
q0E0 Q920 o220 o ot . . - - - . ei-bir
8Lt a2 o¥€0 o o se't v'e sL'0 - - - ZibLy
€€ 8¢ P4 v* v* et l'e 090 ov'o - - Li-bivy
qOE0 q82°0 q€20 o# o £90°0 620 220 2v'o - - ol-viv
q¥c0 q9€0 ql€0 v* v* €200 20 120 0S50 - - 61y
q0t’0 aww.o nnw.o v* v% £2'0 or'o €610 er'o - - eviv
Q80 q2€0 4820 o o 4y ¥9'0 62'0 4a . . vy
qlt0 qSP0 qS€0 p# o* 881°0 19°0 910 220 - - oviv
Q92 o€ Qb€ o o 2 v 85’0 85'0 - - Sviy
q<€0 0’0 q0v0 v* v.a 6100 980 [+1:1 Y} evo eL0 - riv

€661 2661 1661l 0661 68614 28861 21861 q9861 5861 «/861 €86} 1d 'seoy
“"ON els
(2 jo Z aBed)

$9}pNiS BIOJJOIJIN JIOS pue elo]d puejdn
(w/Aw) SILLISNILNI @1314 214193713 H1HVA ZH 09 “+-a 318Vl

‘443




qrio’o

o£00°0 200 ¥ - - . - - - - gc-2Ly
Q6000 q}00°0 q0E0°0 . - . . . - . . se-2lLy
qe00'0 q}00°0 Q2100 o . - - . - . - vezLy
q200'0 qt00°0 48000 ¥ - - - - - - - te2ly
Q00’0 q}00°0 45100 o . - . - - - - gz-2Ly
qe00°0 42000 q¥00°0 o o . . - - . . 6121y
qe00'0 2000 46000 o o . . . - - - gi-aLy
5000 o£00°0 9100 o ot - . . - - - L1-2Ly
Q1100 oV00°0 o£E0°0 ¥ ¥ . . . - . - 9i-2Lp
qe100 qS00°0 qEv00 o o - - - . - - Si-2Lp
Q100 V000 SE00 ot ¥ 6200 8100 1100 2000 . . 1AL
Q00’0 q200°0 49100 o# ¥ £10'0 8000 000 1000 - . ei-eLy
9e00'0 42000 0100 ot o / 500'0 000 200'0 - . 2iaw
Qg00'0 2000 46000 o o 2000 500°0 $00'0 1000 . - bi-eiy
9200'0 q}00°0 L00°0 o o 500'0 €000 £00'0 1000 . . oi-2Ly
92000 q}00°0 2000 ot o $00'0 £€00'0 £00'0 1000 . - 6Ly
q200'0 q}00°0 40100 o o / ¥00'0 2000 1000 - . g-2ly
Q€000 1000 40100 o o £00'0 $00'0 ¥00'0 1000 - - 2y
95000 44000 qoL10°0 ¥ o# 100 9000 9000 1000 . . g2y
q110'0 q¥00°0 6200 o# ¥ oco'0 L100 2000 1000 - - g2y
9000 2000 5000 o o# 9000 £00°0 1000 1000 - - ey
92000 42000 4¥00°0 ot o# 5000 £00°0 100'0 1000 2000 - 2Ly
PE00'0 pOE0 p}00°0 2000 p200'0 £00'0 1000 £00'0 2000 - - €1-10r
P200'0 p920 ph000 42000 p}00°0 200'0 100°0 £00'0 2000 . . zi-1op
P200°0 p£20 ph00'0 42000 p}00'0 2000 2000 2000 2000 - - L-10¥
P200'0 o220 p}00°0 q200°0 p200°0 2000 2000 2000 2000 - - 01-10¥
P00'0 p62°0 p}00°0 2000 p200°0 200'0 1000 200'0 £00'0 £00'0 . 6-10¥
P200'0 pb20 p200°0 42000 p}00°0 2000 £00'0 2000 £00'0 £00'0 - 810y
P100'0 pS20 p}00'0 2000 p}00'0 2000 £00°0 1000 2000 €000 - L10¥
PY00'0 p820 p}00°0 42000 p200°0 £00°0 200'0 €000 £00°0 £00'0 - g-10¥
€66} 2661 1661 0661 6864 28861 o486} q9861 ¥S861 W¥861 +£861 d "seep
“oN oS

sa|pnig BI0[OIO|N [10S pue Biol4 pueldn

(2 jo | efed)

(vw) s3LLISNIA XN1d DILANOVYW ZH 09 °s-d 3189VL



queino eledwe G| ‘U0 SBUUGUB = P

-uonjesado euuejue Aq pepnjoeid yuowainseew =  # “JopllusUBJ] O} POOBUUOD 'O SBULGUB = D

‘ye)B} JoU JuBWBINSBOW = [ “Jopjwsuss) @ papunciB ‘o seuusiue = q

‘paysy|qeisa jou jujod Jusweinseew = - “pPOIONIISUOT JOU SBULRUE = W
/ 40200 qS€0°0 q0€0°0 98200 €600 9€0'0 - - - . €SP
/ p€20 pt00'0 q100'0 p2000 200°0 £000 - - - - 1-2st
/ qCl00 q¢€0°0 qCS0°0 qCS00 €400 SE0°0 - - - - 1Sy
qe00'0 q¥000 42000 p# o# . - - - - - ozvivy
qy00°'0 qS00°0 q€00°0 p# ¥ - - - - - . 6L-vlvy
48000 qt100 46000 ot o - - - - - - 8i-vly
Q600°0 {9100 €100 ot ot - - . . - - LibLy
q010°0 5100 210’0 pi# o# - - . - . . 91-v1y
Q2000 4S00°0 €000 o ¥ - . . . . - Sh-viy
qp00'0 4£00°0 41000 o o - - - - - - Pi-bLy
9€00'0 42000 1000 o o# . - . - - . ei-bly
q.000 q800°0 q900°0 p# p# 910’0 0100 2000 - - - ci-vly
qL100 q0100 q800°0 o o 6100 200’0 2000 2000 - - Li-ply
q200°0 q¢00°0 q}00°0 p# o# 200’0 2000 100°0 1000 - - ol-viv
q200'0 q¢00°0 qt000 o o# €000 200’0 1000 2000 - - 6-bLy
9200’0 q£00°0 q¢000 o o S00°0 000 1000 <000 - - o.c..rv
Q2000 q£00°0 q200'0 o# o¥ 000 000 100°0 1000 - - Lyly
qe00’0 q€00°0 q2¢00°0 o* p# £00'0 000 100°0 2000 - - 9biv
q800°0 ¢800°0 q800°0 o o 2100 0100 900°0 2000 - - Sviv
qz200°0 q¢00°0 q€00'0 p# p# €000 €00°0 1000 2000 $00'0 . vy

€661 2661 1664 0661 686} 28861 24861 q9864 w5861 w86} +£861 d ‘see
"oN elis

(z 30 2 obed)

Sajpn}S BIOJOIIN |I0S Pue Blol4 pueldn

(ow) s3ILISNIA XNT14 DILINOVI ZH 09 'S-a F18VL

-145




(24 / Ly 60 Ly . - - - - - - - - 92l
8e'0 / 8€0 104°0 2o - - - - - - - - - se-ely
2cero / 6210 100 b0 - - - - - - - - - ve-2iy
144 %¢] / 9v1'0 2v0'0 o - - - - - - - - - c€e-ely
651°0 / 9EL’0 6500 281’0 - - - - - - - - - 9221y
0010 / 2600 6200 so1'o 040 - - - - - - - - 64-cly
18V'0 / FA M0 6€0°0 120 82’0 - - - - - - - - si-eLy
6vi'0 / 220 6100 650 690 - - - - - - - - Li-2ly
ce'o / FAN 9’0 v8'L 26’} - - - - - - - - 91-cly
0L'0 / 85’0 2e'0 19} £e - - - - - - - - Si-elivy
1 493 / 89'tL €20 v6°L a9’ / ) 984’0 €000 92’0 sSho > 0€00 vi-eLy
FAS N / forA Mo 9€0°0 0eL'o 14 Y] / / 2100 2000 8000 G000 > > el-ely
1800 / 9800 00 9600 €600 / / 100 2000 €000 2000 > > ci-ely
voi'o / cero 2cv0'0 0810 (A / / 2100 2000 S00'0 £00°0 > > -2y
tol'o ! 2Li'o v£0'0 9100 ei1'o / / 4100 2000 1000 000 > > 0y-2ly
1010 / otLo 1€0°0 6110 gil'o / / 0100 2000 8000 <000 > > 6-cly
20t°0 / €010 Sk0'0 43 X°] v21o / / 210’0 2000 1000 4000 > > 8-cly
020 / 0s10 vv0'0 LLL0 [FAN] / / 8100 1000 2100 1000 > > 2-2ly
sS1'0 / [ XANI] $S0°0 8v1'0 8eL’0 / ! €100 €000 8000 S00°0 > > 921y
20} / 80°} 0ge'0 91l 35 / / €20 €000 €510 2600 > 810’0 S2cly
2600 ! G600 100 22Lo (514 %] / / 100 1000 800°0 <000 > > 2Ly
00L'0 / 22’0 Ly00 oL'0 erio / / 100 2000 1000 000 > > €21y
> > / / > > > > > > . > > > 1100
> > / / > > > > > > . > > > 21-10%
> > / / > > > > > > . > > > 11-10¥
> > / / > > > > > > . > > > 03-10%
> > / / > > > > > > . > > > 610V
> > / / > > > > > > . > > > 8-10p
> > / / > > > > > > . > > > 2-10%
> > / / > > > > > > . > > > 9-10%
Vv oSt Vv 0St Vv oSt Vv 0S4 V 0S4 Vv 0Si vSL v SL V&l VGl xa‘vol ve v9 vy ‘Id 'sealy
<] g a SN 8 a Mm3a SN M3 SN M3s Mm3s M3IN SN "ON elis
€661 2661 1661 0661 6861 8861 186} 9861

sa|pn}s BIOJJOIOW 110S Pue eio]4 pueldn

(2 Jo 1 abed)

(w/A) STILISNALNI 1314 214103713 HIV ZH 92 "9-Q 318VL

146



‘ejup pojejodenxe = )3

‘Bujseyd piepuejs 'ssuuejus M3 + SN = 9

‘pojvjodesixe oq jouusd Blep = 4 ‘Juolwoe vUUBIUB ] WBYnos = M3S

‘pjal} o|199]0 YyEs uo paseq W/A 100°0> pejeuse jusweinsgow = > ‘Juewaje BuUGBIUB M3 Weydou = M3N

‘uoje) jou uewainseaw =/ ‘guuojue |sem1s88 = M3

‘paysijqelse jou jujod uowanseew = - ‘guuejus yjnos-yuou = SN
/ / / / / / / / / / - - - - 1-€SY
/ > > > > > > > > > - - . - }-2sh
/ / / / / / 1 / / / - - - - 1-isy
991’0 / L0 4900 €810 2e0 - - - - - - - - oz-viy
$s'0 / St 1A 96'0 9’ - ’ - - - - - - - 6i-vlb
(44 / 6t el 8’ 8y - - - - - - - - 8i-vi¥
Se / LS 82t 1584 ° 3 4 - - - - - - - - Lib1y
e / L9 89’1 ¥'S 6'S . - . . - . . - 9l-vlv
2 / 8'e IS0 9C Le - - - - - - - - Si-vly
150 / 06°0 ¥61°0 ¥8'0 880 - - - - - - - - vi-viv
1e1'o / 82’0 2v0'0 120 92’0 - - - - - ° . - . cl-vlv
] / oY oc't 8t Sy / / 0€'0 2100 cLo eb'o S00'0 SS0°0 eh-viv
ce / R4 £°) oY 0's / / £v'0 §20'0 €90 8e’0 S000 > Ly
S90'0 / 2010 9200 S80°0 2o / / 1000 1000 2100 1000 > > oV-viy
0800 / 0E1'0 2100 cL00 <600 / / 8000 1000 si0'0 6000 > > 6vib
8110 / 0elo 2e00 Ski'0 svi'o / / 910’0 2000 €100 800°0 > > 8-biv
vcio / €€0 9200 6210 €€1°0 / / S10°0 2000 010’0 9000 > > Ly
1442V / 981’0 0v0'0 L11°0 SLI'0 / / 1200 2000 8€0°0 €200 > €000 obib
(344 / 144 £} 't 8y / / 20 6100 €€0 02’0 800°0 €€0°0 Sviv
€v0'0 / 1200 Si00 850°0 4900 / / S00'0 2000 0400 900°0 > > iy

v 05t v 0S4 v ost v 0st Vv 0S} Vv 0S1 veL vV SL v st V&l X3 'v ol Ve Ve vy ‘Id 'sesy
a9 a g SN g g M3 SN M3 SN M3s M3as M3N SN ““oN els
€661 2661 1661 0661 6861 8861 1861 9861

(2 jo Z abed)
so|pniS BIOJOIDI JI0S pue Blojd pueidn
(w/A) SIILISNILNI 071314 O1HLO313 HIV ZH 92 "9-G 318VL

147




oct c2l €EL 144 ssi - - . - - - - - - 9e-2ly

443 694 LEL j+14 o€} - - - - - - - . - se-cly

oot ovi 21 9 (4]} - - - - - - - - - pe-ely

2743 92t ocl 34 €t - - - - - - - - - €e-cly

€9l oce 681 LS oie - - - - - - - - - 922l

<8 113 €04 34 04 201 - - - - - - - - 61-Cly

16 801 vet 6 66 S6 - - - - - - - - g2y

16 901 201 62 <ol $0} - - - - - - - - Li2ly

|72 €01 26 €e 98 88 - - - - - - - - 9i-2Ly

cL 18 (42} ce c8 €L - - - - - - - - Siely

tr43 €et 8El (14 ict 1243 9S 9’9 1R 48 99’1 S8 I's SLL'0 01 pi-2iy

1G4 sl (44 9€ 144 158 L 8 6'v vl 0’6 1 4] $9°0 et €1-cLy

L1l €l 611 14 1417 66 / / sel €6°4 [ 184 120 90't 2i-eiy

88 8Ll SsSt 8t 0l4 [4: 13 t443 96 L0t X4 €8 0's 12’0 149" el

8 101 86 =14 16 96 0s (] S0l 120 8'9 vy 220 260 oi-2Ly

1433 €el ¥4 oy ezt 611 €9 $'L Lel ob' S8 Vs 12°0 L'y 6-2ly

10} €el ect oy sel 1343 / / 8'Gl 18° S'6 L's G20 ce’l g-2ly

L €8 V6 82 68 06 1L 88 L6 el g8 £'g €20 159} 21y

86 cil 1453 6e 101 Sob 98 v'olL vel ce €L 144 20 1t 92l

oel (443 €2t 34 <ot 98 <9 c'8 L2t or'l 8'8 €S 2o 8i't Sl

133 1313 vel 144 624 SEL 89 29 L0} oLt €8 0's A SO' ey

32t 1443 92t [44 0144 343 9L 'L [4+13 ot't sol €9 (441 et ALY

Sv0'0 200 €00 / ¥v0°0 1500 110'0 4 2000 2000 . 100°0> 100'0> 100°0> €110V

290’0 €900 €500 / 2L00 8900 9100 910’0 €000 $00°0 . 100°0> 100°0> 100'0> CI-IOF

$01°0 8010 o010 / €£01°0 €Lo 8200 8200 S00'0 9000 . 100°0> 100°0> 100°0>  11-10F

$60°0 S60°0 680°0 / 6200 480°0 €200 9200 $00°0 S00°0 . 100'0> $00°0> 100°0>  04-IOF

6200 1200 8200 / 2200 0£0°0 900'0 2000 200’0 200’0 . 100°0> 100'0> 100°0> 6-10V

£€80°0 €800 690°0 / 2900 9200 9100 1100 ¥00°0 $00°0 . 100°0> 100°0> 100'0> 8-10p

960°0 960°0 600 / S80°0 1600 €200 ¥20'0 9000 S00°0 . 100°0> 100'0> 100°0> Fgte]

0e00. 6200 9200 / 8200 0e00 S00°0 2000 2000 200’0 » 100°0> 100'0> 100'0> el kel
V 0S1 Vv 05} v 05t ¥ 0Si v oSt Vv 051 VGL v S&L vl ve&i X3 'v ol Ve Vo vy ‘Id "seay
8 g 9 SN 9 8 M3 SN M3 SN M3s M3s M3N SN ““oN elis

€661 c661 0661 6861 8861 186} 98614

(2 Jo 1 ebed)

So|pNIS BIO[JOIS|N 110S pue Bio]d pueldn

(w/Aw) SIILISNILNI 1314 O1HLO313 HLHVY3 2H 92 °Z-0 F14GvL

148



‘wjep pojujodenxe = X3

‘Bujseyd prepue)s ‘ssuusiue 3 + SN = a

UOWS|e BULUBIUB pAJ UIGYINOS =  MIS

‘pojujodenxe eq jouusd BlEp = ‘Juaweje vuuBUE \J Wieyuou = M3N

‘ueyv) jou Juswainseaw / ‘BUUelUB JsaMmIsBe = M3

‘paysyiqelsa jou jujod jusweinseow = - ‘Buuejue nos-yuou = SN
/ / / / / / / / / / - - - . L-£sy
/ 960°0 1600 / €010 2210 9200 9200 S00'0 S00'0 - - - - 1-2sy
/ / / / / / / / / / - - - - 1-isy
2st oie 002 6 €91 002 - - - - - - - - oc-vivy
oey 0t6 088 961 088 0sL - - - - - - - - 61-viv
0082 oove 0oty 00014 009€¢ ooce - - - - - - - - 8i-ply
/ / / / oe oel - - - - - - - - FAS AL
002 000¢ 0oee 069 008€ 000€ - - - - - - - d 9l-biv
ozL 088 028 o022 03L 09L - - - - - - - - Si-bLy
oie 062 oce 6S (0,074 oze - - - - - - - - vi-viv
s 99 6S rA1 as ¥9 - - - - - - - - ci-plp
0404 0sS1 0s€l 08e 0091 0s6l 094 oy 092 g'cl 61 8t 2e 1 A% A4
oeLl oote 0022 0€9 0681 084 0s8 0S 8.1 Lo} 143 68 28’ 650 Li-vlb
8e 62 oe '8 1514 6¢ 09l V'S 6t se'l 1'C €9'L 6910 620 ol-blvy
6¢ 1e 213 Sy 144 iy 1'gl S'L o€ 80’} ¢ ce’d oeL'o 620 6-biv
80} €l 314} 1e el 90l s9 8'9 201 =15 ¥ 8’8 €' 8810 160 gbiv
19t €st 101 oe 2154 614 <9 1'6 L'yl (/)4 2’6 ] G40 $6°0 Lyly
cel 2st (343 62 Ll ovt 9 €04 6cl ce €0l 2’9 c20 <’ otiv
osvi ovii o6Ll ols 0.9} (1] ¥4 016 89 ¥64 ovi sel I8 02 g'tl Sviv
1414 82 2 FA1) e rA4 g9l rAA Le £€9°L ve ob'l 181°0 ££°0 rvlv

Vv 054 v 051 v 051 v oSt v 0S1 v 05t VS vS&L VSt vst x3a'vol ve Ve vy ‘Id "SeON
g g a SN g a M3 SN M SN M3s M3s M3N SN ""oN elis
€661 <661 1664 0661 6861 8861 1861 9861
(2 Jo 2 abed)

(w/Aw) STILISNILNI 1314 DIHLOT T HIHVI ZH 9L 2~ F18VL

sa|pnig BJOJOIDIW [0S pue eioj4 pueldn

149




f

Se e €e ool 9t - - - - - - - - - 9e-eiy
€64 1’61 oc 6'S 1 - - - - - - - - - se-ely
9 0L oL 1 4 L - . - - - - - . - ve-ely
8'¢ oy gt et (44 - - - - - - - - - €e-ely
v'é 66 L6 8¢ S0t - - - - - - - - - 9c-cly
6'S 6'S LS €L’ 0’9 6'S - - - - - - - - 6i-cly
6L 1’8 LL ve 9'g 9'g - - - - - - - - gi-2ly
6ct rA1 0tl 6t 6cl g'tl - - - - - - - - Li-ely
82 3 ac 8L 62 82 - - - - - - - - ol-cly
€€ €e ce 9'6 9e £e - - - - - - - - Si-2iy
cc 2 92 'L 82 *14 6’1t 1900 g 2100 el €0°'L 100'0> 12°0 -2y
2ol S0l ol Ve 8’0} 1ot 1's 0200 14 €000 cL0 €b'0 000> 980°0 ei-ely
g's LS LS Wi 6'S 9'S / / 190 900°0 8€°0 €20 1000 100 ci-ely
0's (] 6t 1 2° R} €S 03] 9C G200 960 9000 GE'0 12°0 1000 €v0°0 bi-ely
St 9t Ve 12 e St 8Lt 200 6€°0 8000 s20 6v1'o 1000 €€0°0 oi-2ly
€t S't £t 96'0 9'c v'e el 1200 8e’0 1000 €20 8eL0 100'0 6200 62l
v's §'s €S 9t 8'G 9'S / ! 650 9000 LE0 220 1000 Sy0'0 g2l
S'S ¥'S (4] €9} 8'S 'S g¢ $20°0 650 9000 €0 (741 100'0 90’0 L2iv .
€0l €01 €01 oe 111 €01 0's 0200 91’ 9000 €L°0 14 4"] 100°0 8500 g2ly .n\m
92 92 174 69 L2 ¥ el 1900 | &4 Lio’o 191 0o't 100'0> 610 gl -
9'S 0’9 'S bl 6'S 8'S 6¢ 100 S0 8000 ov'o ¥2'0 100°0 6v0'0 ey
9'S 'S S'S 69°1L 6'S 'S 8¢ ov0'0 SS'0 800°0 €0 cco 1000 Lv00 15484
€000 €000 €000 / €000 €000 1000 100°0 100'0> 100°0> . 100°0> 100°0> 100°'0>  €1-1OF
2000 2000 2000 / 00’0 <000 100°0> 4000 100°0> 100°0> . 100'0> 100°0> 100°0>  24-IOF
2000 <000 <000 / <000 <000 100'0> 1000 100°0> 100°0> . 100'0> 100'0> 000>  L1-1OV
2000 200’0 2000 / 200'0 2000 100'0> 100°0 100'0> 100°0> . 100'0> 100°0> 100°0>  01-IOY
€000 €000 €000 / €000 €000 100'0 1000 100'0> 100°0> . 100°0> 100°0> 100'0> 6-10b
<000 <000 200’0 / 2000 2000 100°0> 1000 100°0> 100'0> . 100'0> 100°0> 100'0> 8-10v
2000 2000 2000 / 200’0 2000 100°0> 100°0 100°0> 100°0> . 100°0> 100'0> 100'0> L-10b
€000 €000 €000 / €000 €000 1000 1000 100°0> 100'0> » 100'0> $00'0> 100'0> o 10
v oSt Vv oS Vv 0S} Vv oSt Vv oSt v 0Si v SL Vv S \ A1 v Si X3 'V ol vo Vs vy ‘Id ‘S8

2} ] a SN a a Mma SN M3 SN M3s Mmas M3N SN “ON ous
€661 266l 1661 0661 6861 ~ 8861 4861 9861

(2 Jo 1 afed)
sa|pmg eIO0}J0Io[IN 110S pue eioj4 puejdn
(ow) SIILISNIA XN1d4 DILINOYIN ZH 92 °"8-d 318VL



‘gjep pojsjodwape = X3

‘Bujseyd prepus)s ‘seuusius M3 + SN = a

quetueje BUUSUB \\J UEYINOS =  M3S

‘pejgjoduiixe 6q joUUBd BEp = & UGS BUUSIUB AT uleypou = M3IN

‘ueye) jou Jueweinsesws = [ ‘guuojue jsom-ises = M3

‘poysjiqe}se jou jujod juewienseows = - ‘BUUejUB LINOS-YUOU = SN
/ / / / / / ) / / / - - - - L-€SP
/ 200’0 2000 / 100°0 200'0 100°0> 1000 100°0> 100°0> - - - - 1-2sb
/ / / / / / / / / / - - - - }-ISt
€'9 09 6'S L't v's 6'S - - - - - - . . o1y
60! €0l L'6 8¢ 1’6 8'6 - - - - - - - . 6l-viv
961 €9l 8'Gl (3] st g9t - - - - - - - - 8i-biby
A1 (343 g'tl 1R 4 otl 1584 - - - - - - - - L1y
o2 8'st vt s 248 8! - - - - - - - - oi-biy
ctl 1et gL ve (1 611 - - - - - - - - Si-biv
1’8 oL vi 0eC 0L (13 - - - - - - - - yi-vly
3 4 vy o ci’t 8t L2 - - - - - s - - ei-viy
c'8l vt ovi | 4 4 veElL 1 4 Ve 0°0 £ 0100 160 850 100°0 sii'o Skvly
€2 V6l €8l 6'S 313 L8l 68 200 69°} 1100 e’ 080 100°0 194'0 (§5 84
2t 82 82 sL'0 9C L2 ee’t 1200 220 S00°0 €610 911’0 100'0> 2200 ol-viv
et oe 8¢ 6.0 L2 8C (3 2200 620 S00'0 1610 gii'o 100°0 §20'0 6-vlv
Ly 144 44 sl (N 4 r4 4 4 €€0°0 15 A 1000 0£0 6410 100°0 S€00 gpiy
224 9 vy oc't 134 144 €C €€0°0 1 4] 8000 1£°0 9810 1000 8€0°0 iy
6'S 9'S 1>+ 09’4 +'S €S L $€0°0 €50 800°0 €0 220 1000 S¥0'0 iy
€9l tA 4} ey F4 4 1) 6t 69 £€0°0 o't 8000 S6°0 .50 1000 vio Sviv
9¢ ve €2 €9'0 €e s'e St 2200 $20 S00'0 0910 9600 100°0> 6100 rriv

v oSt v oSt v oSt v oS} v oSt Vv 05t v SL V&L VSt vsi xa'vos V9 ve A\ A4 ‘Id "sesiy
] a -] SN g -] Mm3a SN M3 SN M3S M3s M3IN SN “oN elis
€661 2661 1661 066} 6861 8861 1861 9861
(z jo  abed)

$9|pn}S B10}J04JN 110S pue BIOj4 pueidn
(ow) sIILISNAA XN14 DILINOVIN ZH 92 °8-0 T8Vl

151

oy




‘olis [0/1L100 oy} Ju spiel W3 ejque = (09)D (09)0/(09).L 1+H

*ayis juewsjeol} oy} 18 spjojj W3 wejque = (09)L (09)0/(92)1 :e1d

"ojs [01u0d Oy} j@ Spiel} W3 WwelsAs suopedjunwwod 413 = (91D (09)/(4)1 2y

‘eljs uowyeen oy} je spio)) W3 weysks suopesjunwiwod 413 = (921 (000/(0)1 *1d

0S'h - 00'L 0S9F 0S9L 0591 @S - bE  Obhl 092 058 00’4 101 ] 10t H3HIOP3HELY

G2 - 290 008F Oc8F 008 S€F - VS 062 oze 0541 00'1 18 8 8 MQAHIOY/MAHZLY

O'll- 050 059  O00EL 08 o1z - @€ 065 o2t ooy 00'L £ £v £ NIdLOb/NIdbLY

O'Ll- 050 00vL 08k O28F 9L - L'E  OLLL ove ovl 00’} 26 26 26 NId$O¥/NId2Lp

vy £d 2d 3] vy €4 2y &%) Y £ 2y X% seus

AysueQ xny4 oneuBepy piel4 o9l yue3 pield oM1oe|3 AV peseduiod

sajpnig vI0]JOIS| 110S pue Bioj4 pueldn

SOILVH ALISNILN! 7314 W3 31IS A3HIvd €661 "6-0 318VL

152 .



Sl0'0 ot't vL 74 2L €L GL 1724 Sl vl vl A €L €L SL cecly
8200 4 (s,0]8 1 4+]18 €0} col 20} 00} 10t 00} 66 66 86 96 6 ety
SS0°0 €9 143} 22t [+74 el St (498 r43% 104 1]98 F24} 148§ [+s]¥ 901 oe-eLy
090°0 v'e 9G S [%2°] 6S €S ] S €S €S €9 19 SS (] 62-ely
€100 02 2st 6vi F4+1 ISt (514} €S st €St cst 61 {518 ISt 1313 ge2ly
950°0 69 r/4% el el el 62t gl Gl gii 64} otl 1748 43} 513} 1221y
Sy0°0 v'6 oie oce ote o0z2 [1]¥4 16} g6l 66} oie (1] ¥4 002 002 oie gz-cLy
$v0'0 2'S 644 [-48 62t (1748 gl vit Sk 1 433 otl 1ct FAYS 139 ge-ely
o000 34 [¥4% [x4" gcl gzl 121 €2 (1748 1 FANS r44% vl ¥4} 1748 [ 7AAY
2p0°0 'S 1438 (1%} 511} F44 3 [:T4} G Git 601 438 101 60} 801 143 [>rarAit 4
€500 6’ 06 G8 G8 68 06 €6 68 o8 €6 c8 16 26 86 frardt g
00 99 1143 (44} [§:4] 144} [:14} ovi 6E1 F4A4% 6€1 rA § 22l 6€1 (548 |eely
€v0°0 Ly 601 (¥4} 1298 (1]9% (438 201 901 (1]} 101 801 20t 204 204 02-ely
010’0 oLt 901 o901 [=[o]} 101 101 901 901 SOl o0l 501 8 901 901 201 8i-eiv
$S0°0 0'S 16 G6 6 66 16 96 08 16 06 8 1] 88 16 [ 1% AR 4
S€0'0 {54 4 12i o748 F74} ozl prat 1243 rr4% il gLl (9% FASS Gii (Y43 yi-cLy
GE€0'0 FA] piat 09l oSt 21 4% v (248 214 avi 1248 514" 1448 F448 124} [ At 4
121X [:X:]} F445 €91 St -1 8 1418 80t 901 11§38 oLt 141} . €L 142} 144} ciely
SoL'0 89l 094 (74} €21 [VAY U 891 891 G691 891 2321 09} 8914 oLt Li-ely
€v0'0 oy 18 86 96 G6 16 6 88 68 18 88 88 18 16 oL-eLy
0900 L A €21 (84} ottt rrA br4} 611 b 198 ocl ail 614 F4% 743 6-¢lvy
€00 L'y ect Shi (843 {548 (348 e} {5258 2154 2ct {528 el oct sel g2y
2e00 e S8 €8 88 18 18 c8 I8 8 08 8 V8 98 68 lely
6€£0°0 6t [10] 8 [+1s] 12013 0l a0l 16 96 6 00l 16 96 [s,0]8 101 [ AR 4
6+0°0 0'S €0} 901 [1]§} 801 (49 SOl 14019 66 20l 6 16 66 [{e]% (oAt 4
0200 [*x4 {74} (¥4 § oct 748 92l 274} oz 121 ocl [+r4} 124} 748 62 rely
ev0'0 09 144} Fi} [+ § pias (548 Wt 6¢c} [§4° r4 4% Syl 6€1 el oyl I Ak4
‘qejieA as  uesiy 12fes (4 F75%8 22/oL 2/os gL/e vi6 12/8 y7;:] velL ot/L g82/9 jujod
Jo ‘oo 1801

solispeis Aiswwing eje( JuoweInseo '

(z jo | obed)
Sjujod 1S9 paxXid AS suuajuUy ©l10jj019| W los pue eioj4 u:a_n:
(w/Aw) SIILISNILNI 1314 D1HLO3 13 HLHVI ZH 92 0661 °01-a 31AVL

53




180°0 2¢ 06 ozy ozv (1744 054 oed oty ose o6e ove obe 0st 09t vy
690'0 sz  0¢ 06e 0.¢ ose olp oov 06€ ole 0se 0se oee ore ote eShiv
$80°0 gcl 8si s9t (174§ vt LL) 69} 6S} 12°13 13°13 2143 6El €} :14% zhiv
SeELo S'9l k443 214 3 el 12154 1 1143 14513 1343 221 [£A43 16 . 16 201 601 ey
8500 voL  06L} 0981 (+74:18 oLL} ozcgl 0961 0061 (17413 (0,113 028} 0041 oiot 0091 r4 e AR
980°0 s8l 0022 00s2 oove 0022 0022 0002 0002 oote 0002 00€2 ooce o6l (05213 b-piv
060°0 ot €2 £ 18 £ Se €€ r4> 62 oe oe ot oe 2e ol-viv
€0 Lot SE c2 (74 (7 :1% 144 134 314 44 1514 (44 (44 r44 6-viv
6200 L2 604 (333 601} 159 43 601 8014 SOt 60} 90} <ol 801 1133 s-viv
€v0'0 0’9 gel 514% Skl -1 48 144 6€l el cEl LE1 [4>13 oel el sel Lviv
980'0 v 243 ob4 r4) ovt 514 1143 Wi gel ot sel Sii St 11 obiv
120°0 velL 0061 o0i6l 0861 ovit ocit 0861 0002 0002 ool 0s6t oest 0084 0491 Sty
ev'o 6'6 €2 €8 '8 6 (43 2 ce 1 e 8 22 62 e rviv
‘qeleA as uesiy 1efet s/es F71%Y eze/oL eloy 81/6 v/6 12/8 s velL oL/L g2/9 jod
jo "Jaod 1801
sopspels Alswwing ejuQ] \UeweInseop
(z jo z abed)

SIUj0d 1S21 pPax{d aliS _uUUdUY BIO|JOID|N [I0S pue eloj4 puedn
(w/Aw) SIILISNILNI 1314 21HLD3 13 H1HV3 ZH 92 0661 “01-d 378VL

154



e,
€00 9v €1 2rk ock sl 9eL okl 2vL 82l XAl
woe 9L 28l oL 621 85k 191 SSb  ssL 29l Ay
1900 ¥L  Ohb 611 bt 2K BLL OML BIL  00b L6 _ XA
ye0'0 LL 021 22l 921 bbb 9L 91l seb vl ec2ly
oo 2L vL v8 9, 08 4 6L 28 . ¥ oL e e € 08 4 9 € 8 ze2ly
500 6 €0l 00L €01 60L 201 80L 90L 18 6 90 8¢ 66 & 88  v0L SOL POb €Ol 121y
yeI'0 091 611 021 2c1 024 2L wLL 20L 29 s2L 9k or e Oy €2 ¥k I€L 62l  OFL oc-2ly
piro €2 99 ‘86 9 95 85 S S 99 99 9 S ¥k S 2L e 8 0L O 62-21p
800 9L 65t oSl €51 €51 26 €61 9SL SSL L9129 ¥S S 2 €Sk vSh 9L el el Y X AL
8900 26 9l osL SSL Ol 26l 921 22k ISl SEL 62 & oe l&  eEh  bEL ovt oyl 6¥l yrzAty
12000 86I o2 oz ov2 OI2 o012 012 o022 26+ 002 29 l9 o082 022 O0e2 OvZ OS2 9221

1e'0 oc 96 €0} v2L €9 S9 19 5 9L 63 88 SV gl 82 0L sz 2L SEb  eel sz-2uy
g500 S el bZL 8l 921 S2L v2L b2L o021 GIb 2= 9 e € esb eer zelk  OEl 2l ye-2ly
100 ¥8 8 00 €21 621 21 621 62b HLL 9L 9Lk 66 Se Oy Lk 02l 80b ZOL 901 AL
200 L9 ¥6 ¥6 88 /6 6 0L 66 98 98 8 € Oy € 601 6 6 68 98 zz2Ly
911’0 I'SL  IEl 02l 261 21 OSL 1Eb oOvk 28 SEL ¥l ¥S 28 LS sl Ovk SElL 82k ¥l 122y
800 95  9il 0L €L ¥t biL 2L 24k vib €M 91 ee  ee 66 LWk 2k €21 = 62 oz-2L
6900 €2 901 g0l t21 80L 0L 9k Zot €€ €6 0L 901 66 €0l 86 EAL
600 €v M} €0t Ot O Ol 80F 2tF Sit  8iL gi-aly
9900 0L 904 00F ML BL BLL 60 ML 26 68 2821y
621'0 et 10t 00t ozt il 8ib  80b ¥ €€ 0L O00b /8 S8 I8 ol-2ly
900 62 €9 66 €9 S 9 99 S9 09 85 sk2Ly
900 8§ 2t @21 €21 SeL 06k €6L [2L €EL 82l 82 66 66 6  IEL 92k 6L 2t € pL-aLy
000 90l €St 6bL 6vL OSL 6wk ZvL 8¢k SvL 6kl OSL v €¥ ¢  6EL 6bE 291 69F 081 gi-21¥
SI0 191 6e 09l 961 21 €21 021 62 2L Il ¥2L 66 S 66 2€L ISk S9L  2Z9L 19l 212y
£F10 12 el 611 2.1 291 9L 99l 9t 0L wbb €24 SS MW 0S5 91 821 9L el 6El L2y

8200 @2 10} 200 €0L SOb €OL €0L S6 €0L <20L 9 S S S& o00b ok 8 66  OO) oL-2lp
8800 221 S orl 9SL 9L S9b e L& 821 8EL  Ivb  vEL L€} 6-21p
00 65  S¥i €51 bl ObL  68L  ¥EL  Z€1 2 e It 9¥L  0SL  0Sh 6bl g2y
€900 65 26 66 ©06 6 68 08 8 8 8 € 92 9 L2 18 6 2O oL g6 2y
100 9€ ¥k ol bilL ¥LL OlL €11 @21k o2k 12k 6oL Oy & e 60 2l € 6lL 2l o2y
1900 1L 8h} Z2L 221 6lL 02 o02b 8 80b 2 B1L SE  ¥E S I1L OEL 2eL ML 80l g2y
6900 68 628 621 2L SEI OEL oSl 6Sh BEL 9Eb SEL e  ¥¥ by MEL  82F 2kl 2 2Ly
pe00 1's  0sl obL 6vL 6vk @yl 05l OSh ©09L €St €5t 6y 6b 8y 25k €SL  ovk bl LIl XA
‘qapey QS ueew o/ZL ©/LL €2/0L LIOL OS/6 6/6 828 98 Se/L _8lL 129 e2s Sy 8lE 6T el W/t wjod

19 #9800 _ AuQ vuusluy SN 101,

+S0088IS Aiswwung oje( Juetuainssop
(2 jo | abed) |
S1ujod 1591 Pax|4 91|S BUUIIUY BIOJJOIDIW 110S pue elol4 puejdn
(w/Aw) S3ILISNILNI @71314 21HLO3 1A H1HVYE ZH 92 1661 "L1-A dlqel

R R R R R

‘155




-suuelUe SN Oy} Jo uopeiedo ojos Bupnp peinseew BIep OPNIOXS sopspeis Alswwing,

121’0 (514 ooy 0le ole (54 otd ott ol 09 0se 08 00 yoL  Gil 0se oLy osy Oovy OSY ve-vlvy
180°0 ot 725 ozce ove 0Ob 0ob 06€ 0,01 o6 0Lt ove €8 1] 16 ole 06t oov 08e 06€ [>r At 4
9200 2t 214} 62! 3413 09t 1S4 st gst st 6v1 eel oy 144 (4] 1x43 191 15143 ;143 $S1 Fra A 4
wio S'9l Lt 86 (341 otl get otl vel 00t 68 1133 €t e 6¢€ 26 (348 ozi €cl :r4% iehiy
00 00 oz2 0ce oc-viv
cL00 1] oLL 002 OlL Ot8 [s74:] 08l 0SL 6i-vLlv
2900 02 ooy 000§ O0OSY OOby OObP 002 o00ly OObb OOLP si-viv
8S0'0 61 00EE 009 OOFE O0OSE 002€ O00IE 00 e 009 00S€ 9i-viv
6100 09 094 os. OlL ©008 06L 061 o6. 0S8 O¥9 Si-vly
ev'o gect ole o2 002 o0 0€2 02 092 vi-biv
6100 g’ ;72 6L 9L (%414
220 oz 0161 025} OOpL O0£8L 006 008} 001 08SL 0264 0GS} 08€ oSy Oy 068} 0022 0092 00€2 00S2 45244
291°0 06e 00€2 0002 061 0022 0012 0012 o00l2 oOoObe 0022 0002 O8v 0SS 0SS O00v2 0062 002€ 008 0092 (1% 284
601°0 St ce ot g€ ve ye €€ ce ve e ce 06 9'8 v'6 oe 2 €€ ot 1£ oi-viv
891’0 St ¥4 6} :1% 61 6l 98, 6.1 6g8F 6L 28 1 8L (YA o8 (44 92 2 j+r4 +14 6-vivy
€€0°0 9t 801 ott 2t €0t sot SOl coL <20t <204 OiF 62 62 oe gol gL+ 601 211 80} s-viv
$s0°0 L cvi 1143 o€ 1e el 5141 8 sel A 4e atl vy
160°0 g't4 Of} (0] SUY 41 | 132 S %4 7 S+ 2 S >~ >] S -] S >4 ot 62 e 0oL seb Ssei el 1343 ovlv
6010 ol 0681 08Gt 09Kl 0G8%t 0061 006} olel 0s8i 0824 08l1 Oib osy Oy 0S8L 0022 0022 ooie 0012 Shiv
Sg1'0 oc 90! 138 43 €l 2t 921 82t Si €4 I't4 pO0L 66 9oL ¢6 €01 €8 vz 89 bly
‘qepispA QS USe ozl  8/1L €2/or ti/oL oc/e 6/6 828 9 M8 s2L 8IL 12/9 62/s s2y 8HE 6 W2 st/ v/ wiod
10 '#900 Auo suuejuy SN 5oL

LSonspels Alswwng

e]je( WowoINSBON

(2 jo z obed)

sjujod 1591 Pax|4 9)iS BUUUY EIOJOIOIN |I0S Pue BlO1] pueidn
(w/Aw) SAILISNALNI @314 91410313 H1YV3 ZH 9L 1661 *11-a eiqel

156 .



ec00 &2 eeb o2l gy eek  Z8L Ok 9ek  geb  s€h  esr  e€L Wb b oSk o sy esaP
0 8 09h  ObL 9k $9b bz esh  t9k  bob  vOL  Job g9 9k €9k esk ¥ VE ss e’y
oo &8 41b 2ob  lob 8 02L  SH gl wHb o SK el ozl oz ok ek e o v e
o0 &9 Oih 8 26 2 2 8ob  60L  OH  60L  OW  ZH 6l &L 8l S s v eeaUy
1900 2S5 8L 69 o 6. u = e v € e u 9 ¥ e 0 o0 05 U
lso ze 2ot 18 €  voL oL €L SOb  €0b  SOL  f0b  SOb  yOb  gOL  pOL g€ L€ 56 e
600 LoL  ezh €l Sob o6k 9eb  €2h s seh  eek gL €L ovk ok seh o L W b ocRLy
J0 VL € 19 s 09 € 8 j9 29 2 99 19 S &L 19 16l 26F ZTL 6eAU
Jo00 b6 Iph  OEL  $2h  swe  2Sh  ovh  evh zvl €St seL oeb ek sbbo 0S8 vs bS8z
cl00 zol eeL el ik s»h oSk gEL  €eL  eSh vk Ovk b @vk  Esb o 061 Wb 2 g lz2Uy
lc0o &1t oz Ol 00z 0@ O O0)g o0 0 0z oz 0z Ok oz o 08 oL €L ezaly
=00 2z Sz zel  0ZL  veh ek o2k b2k €L fgh  seb sk e S e 6 O 0z sz
o0 66 22h  Sib 12t ek et 9e b2l v@b  ver g2t gl sel ovL 2L 68 % o yzay
€800 bOL G2t 86 Wi eeL 1eb SEL OEL  vEL 2k Seh  eeL sk €2k 8l /e €8 g€ €Ty
600 zs 6 2z 8 L6 e €01 88 000 €  vob gL 66 & 6 Ob 68 6 =2
o0 26 e2n oL Lt eeh  eek  eck  ver 96 b €6 ek el pE @ 08 8 S 1221y
o0 1S SL Sl soL 6L el vl S s 02h ek a2k wibo ok gV £ oz
£00 6 904 16 ot 20, 60 WL 80 0L 66 0L [0  €Ob o4 00 oz €€ £ 6l2y
oo ©p Sob 66 965 0L S0b  €0L oL oL O g0k Job  Oi  sob 2z & o sieLy
ov00 &b 200 €6 €0b  2kh € 80b  OW  60L O bt gob  s0L  so0b  oOb 82 62 e L2y
G900 L9 0L 98 96 L eo.  2i gob  Z0b 20L  1Ob 0L tOL  SOL  €0L  S€  vE Ve OLEY
ce00 € L9 9 68 69 ./ o, 6 e e oL 6 s 1 e €& & 8 Sk
w00 06 2l o2y b2l 2ol eek  leh  @er  geh 6 6L ek eeL ez €8 ov o 6B 8 pi-aly
cco0  zG @1 bbh  Opb  evh ISk 1S €k gL ssb vEL  evb  evL  8WL evL €V 2 W crel
600 91l 8zL  bpL 2 €z sek  SK €2k 12h vek 6wl oz &L sk e 68 s zvaly
Lve ez est  zoh o osr  zek 6z vz oa €2 ogk sS4 sk 2z € e S€ 9F b1-2Ly
l600 28 9 2 08 €6 /8 €6 6 28 8 0oL €ob €L 1 804 e e 88 ok2U
coo ze 260 ech =zl 281 Ovb  €EL  S6L B €S €L bEL SEL 6B Wb v Sy B 2Ly
6200 &b  2vb  ibL L OSE €Sk €vh  Seb oyl ssb vwL oWk oSk St ok ev b sy s
c00 ey 8 08 S 88 .8 e v 9 s e 06 08 & 00 & 8 62 e
e0o b Wb £Ob  Zob  Zib v 6OL  ON  BHL WL @ 9 @ b S ov 88 6P galy
evo 26 £ob €2y €sh Obb 6k 98k L8h  eEL  OEL 6L €6L 6l e €2 ez P XA
6500 96  Osb  Z2b  Z2h ok ek SSk O0Sh Wb Wb Zvhb ek @b leb o2 &y OF W e
co00 o6 eyl oeh  9EL  0Sh ¥k @2vh ek eyh ek sk ek 29k esh oz oy Ob W caly
e G5 ween o1 G viob  slon  oWe @6 6us s zaL  eL  eds &y Wy _ve SR Eh Yid
10 4890 AuQ euueluy SN oL

+Solsnels Aiswwng

ejeq ueweInsee

(2 jo 1 abed)

sjujod 1531 Pax|d 9liS BuuUaUY BIOHOIOIW [I0S pue elold pueidn

(w/Aw) SIILISNILNI @314 O1HLO3 T3 H1HV3 ZH 94 2661 “¢i-Q sjqelL

157




“suusjue SN oY} Jo uoyeredo ojos Buynp painsesl ejep epn|oxe safisiiels AlBwwng,

+SOfisiiels Alswwing

eye(Q uoweInseop

oo Ob 0O O 09 02y OEy  Ovb 02y O OOy Oy Oy OOy  ObE  OSP  ¥EL 6L 90L V2LV
600 Sc osc Ol 0% 0O O Ol OO OOb OOy COF O  O€ Ole 08 b S8 98  £2bly
6810 92 Ovk 9L g0L  bSk  esL  evk @yl ©0SL  Syb 09k 89k  OvL 0L €9 1S vy Wzl
610 €2 S 09 06 veL  vEl  SEL 92 ¥2L  2W IEL  OEb  80L €8 ver  Le pe e iy
se1'0 62 022 191 02 Obz O ObvZ Ob2 OFZ 062 OE2 Ose  v6L 09l 8L 6 g» 05 OZhly
9800 89 O06. OI9 00 Ol8 08 028  O6L 06L O6. 08 098 0S8  08L 088 2 02 012 61bly
J61'0 0SS 000F OOy OOBE  0OZ€ OO O09E OO/ 009  00Sy OO/  00BE 00SY 000G  O0IS 068 068}  06GH Bi-biv
gcl'0 09 OOV O00SC 00/Z OO0 OO0 OO0 OOZE OO OOGE  OOKE 002 009 002y  00Z2b 0228  092Zh  OLLL 9ibiv
lo'o 28 o028 09 099 Oe@ 0S8 0S8 OS8Ol Oy Ov8 O/ 028 O 086 006 082 O Siwiv
esl'o 8 00 002 Ob@ 02 OEC  OEE  Ofe O  Oe€ O O 062 02 0% . oL 8 @ pibly
€20 @I 2 e 6c €9 b9 9 09 65 & 65 8 ¥  Of s 89l 61 sz eibib
cli'0 <61 069l 0ObL 062k  0E9L 069k  0OZL  O9F 0991 02k  O/9L  OKZL  ©00BL  O/8h 00l 029 08 026 Zhhly
lio  oez 00l2 088k OWL 0002 00IZ 0002 0002 0002 0022 000Z 0022 0OEZ 0082 0092 O 0L 09 by
2810 25 62 19l  ¥6l £e £e I 1e ¢ o 2 e 92 52 €€ ¥0b 26 I8  Okbly
890 991 t2 €9 19 zoL ISt LSL 91 9 zZu 91 68l 12 €2 6L ¥8 18 €L  6bi¥
1200 b2  biL €1 6l ML SKL €l €L €1 S Zb 2 €M 60L st L2 82 82 evlb
2c00 ©0Z el b2k € 661 6er @S €L SEb  ¥EL  Iwb 6Sh 92 64 OEL ¥ £e e by
cii'o z6h 26L 0L 68k ok OSL  Svk  wpb  Obk o€k g€l €Eb S 86 621 9t e 6 obly
/10 00z OSLL  OSEL  OvEL  O08Sh 029  OEZL  OEZL  00ZL 0S8l OISk O/8F  006h 086l 0002 08§ 0SS 005  ShLY
90 98 #SI SE 9 2 € €l 2 TR o VO - S I 1 ob 16 8 26  vhly
aeen s ueew  Z2h 6L vioL  slob oie 26 eus szl elL eus v My _ve sk €t wiod

19 °H%00 Auo vuueluy SN oL

(2 Jo Z obed)

sjujod 1591 Pax|4 o)S BUUBUY BIOJJOIOW |I0S pue elojd puejdn

(w/Aw) SIILISNALNI a13i4 DIHLOT13 H1HV3 ZH 94 2664 "2i-A 2lqel

158



880°0 e :t4% 6t1 ozl L2t Lz 621 oci €21 ts4} el ozl 274 821 Fx4% a9} 6el 1243 9e-2ly
1€0°0 53 4 2148 ivi eyl 6cl i1 et 621 gel 6€} ovi 6l 1543 34 151 8 12} 123 e} se-ely
gol'o 4% <sol 901 ool 10t 20} 16 96 16 g6 201 €ol 904 <ot 1413 15148 9Ll 90t ve-ely
950’0 v's 96 001 S6 €6 €6 18 18 6 26 96 96 16 86 96 601 €0} 66 €e-2ivy
2900 1 44 7 89 <9 69 19 €9 €9 69 0L SL -7 €L 2L L -72 LL 19 ceely
0£0°0 L2 68 06 1] 88 06 26 8 68 88 68 eg 18 98 88 96 26 :1°] le-eLy
1610 62 Fids (74} 691 <s9l 691 99l oLl 01 €Ll cli 691 20l 004 cot €cl 611 - 131 oe-cLy
9110 L9 85 214 1] s 15 95 <9 29 96 514 2] sS 98 4] 172 89 s9 62-2iv
1£0°0 0's vel vel 1443 6el €1 ovi stl ori cel 2cel 621 82} 821 12} ot 62! cel gz-2ly
€s1°0 29l 90t 601 66 €8 66 06 10} 66 68 68 06 oti :10] 601 144} 1€t ol l2-cly
8S0°0 6Lt 144 002 002 881 161 v61 002 661 661 661 861 66} 002 oie ove 02 €12 92-2ly
1240 41 ert ovi 291 981 9/l oS! 1514} rA43 sel 134 (4418 [~43 1343 +14 3 cel 13543 f: 14 ge-gly
0S0°0 29 174} el <21 15743 221 vel (174} 4144 otl r443 el oct oel 12 el 4% 139} 22y
1200 L2 00} €01 104 16 16 2ol 86 101 86 10} 201 <0l 201 €01 6 18 66 [ xArAR
110 28 174 v 69 89 V9 92 S eL 8L S8 8 €8 98 ¥8 2L 69 oL 22y
1500 09 SOt €0l l6 86 86 2ol €6 <ol 901 2t It 339 433 333 901 413 801 (¥Ar Al 4
1500 €9 oLt oL 901 80l 901 G0t €01 804 21013 60} 601 oLt ot} 901 L1} St ot 0z-2lvy
ov0'0 6’ 16 001 96 96 V6 6 26 G6 16 16 96 96 v6 v6 €0} ol 901 61-cly
0900 1’9 204 86 voi 04 601 601 601 801 <0l S6 <6 €6 16 68 601 86 101 gi-ely
190°0 6'S 96 €01 [14)3 r{]8 101 104 00} 86 6 <6 €6 86 96 66 €8 8 06 FAN AN 4
LE0°0 €'ec 06 €6 16 6 26 <6 4:] 68 €6 68 96 <6 16 98 88 18 06 9l-2¢ip
0£0'0 69°}) 15 89 18 8s 9s 8S €S 8S 94G 8s vq oS 96 09 8s 09 9§ Si-2ly
1€0°0 6t +14 3 a2t o141 2143 12 f:74} €2l 2743 2149 [x4% 2t 221 1743 911 et el 73t vi-2ly
€400 9'9 €51 14°1} 09l 291 094 29l €St 8S} gst 1213 341 osi oS [44) 1St 14 6el [ 54t 4
cr0’0 8's ;1543 1243 2154 § otl SEl ot 1353 £} cel et 133 el obt ovi ;148 6v1 5148 cl-ely
0200 12 <ol 801 601 14014 S0l 901 01 <ol <col 901 2ot ol 104 <ol 901 14013 €01 YAt
120°0 eL'l €8 98 €8 €8 28 28 08 €8 28 <8 ] €8 28 1] 8 28 28 ol-2ly
8v0°0 9 €el (04 €el et gt el FA%S €el e} 331 21 L2} cel cel 4148 144 otl 6-cLy
680°0 gl €cl gcl L€} cel eel 118 +] 43 i£1 (343 el el (5513 otl otl 6el 88 cel AL
$20°0 1'9 a8 98 €8 €8 2c8 F4°] 6L €8 €9 <8 S8 <8 98 16 901 €6 68 FArAl4
1€0°0 Ve 10t 86 ool 96 S6 0ol €04 ol 66 cot €6 00t €01 ol 901 cot 901 A4
9800 o'L 1]} 151543 oct 143 (Y43 274} o2t 243 ol el cel (343 ol 221 133 143} 9lt Sely
9£0'0 vy €2t 611 81t 1243 .48 62l 1413 821 62l [x43 144} 1:x4% 143 611 :74 0c) rs43 ey
080°0 2ot : 74} ot otl 2! :r4 8 621 el €1 e st sel gel ot} g8cl l0s. 80l :133 €-aly
‘qelBA as  ueely oVi+  Z26 ele 13 ot/8 r ] 64/L UL se/9 6/9 oz/s OMs €Ay v2e SHWe  EHL jod
jo "jeod 1801

»SoNsneIg Aiswwing

9jeg jueweinseoy

(¢ Jo 1 abed)
sjuj0d 1891 PaX|4 a)|S eUUdlUY BIO[JOIDIN |jOS pue BI0]d puejdn
(w/Aw) SIAILISNILNI @131 21HLD3 13 TYNIGNLIONOT ZH 92 €661 °"€1-0 dlqel

‘159




-guuejue SN oY) jo uoheiado ojos Buunp peinseow BjBp OPN|IXE SOUSHEIS Kiswwing

S01°0 6c oL 086 o06c 06 ©08E 08e OV OSe O 0Se OeE  0S€ L€ OS€ 08y  OOv 09 vl
180°0 62 0%t o6 0Oy OOy OO ©0OF OGS OSE OV OVE O¥E OVE OIE e ObE  OSE  O€E £Shiv
€210 L'ty 66 glL €1l 901 66 26 €6 / c8 06 6L v8 sL 16 oL SO 16 =21y
S0 s8 ¥ s8 <8 €8 o8 8L 09 89 19 -7} oL 69 8s vL 8 2L 89 12-vly
6600 ogL 181 oz olz 01z 96 @864 €8 i8r b 9z 69 e9h 09k oz 2 oSt 09 02-viv
Sb0'0 0 0.9 069 089 OS9 O 0SO 0S9 099 099 069 O/9 OOL Ov9 OLL oL OU 099 6l-vlb
0420 090} 006€ 00SE  00lE 00SE O00SE OOPE OOS OOV OOGE O000F 002 00SE 009 008 000L 0065  OOLY gi-vly
810 0/ 002¢ 0062 0082 002 002€ OO0 00/ O00E 002 0052 0092 0062 OO0 002E 00BY  OO6E o0ose ol-vip
8e1'0 204 OvL 089 Ol. ©00L O0OL O©OL O2L 089 0S9 069 099 02 0S9 Ol 00OL 06  Oc8 Si-blp
6010 €2  Of2 oz ©0S2 02 OS2 092 Op2 O o012 Ol2 ooz 86k 08k Oi2 " ozz 0se  Ofe pi-vLy
901'0 ge 98 1 8¢ ov 6 8c e ¥e > 2e 2e ie e se ) o 8¢ ci-viv
6210 261 06bL 0ocl Obbl 00SL 02l O6EL OSyL Ol 0621 OGSl O£ O¥SL Ol 00SL 0012 oLl 0191 rA L
860°0 c6l 0861 098l 006l 0002 0002 000Z 0022 068 09Zk OSLL OZLL 026L OI6h 066 00S2 0OF2 0002 Li-bly
8600 9%t 09 61 ¥l 2SI ¥PL 6bL @91 VL LvL VSL pL 9vL  €§h @9l 26l €9 L ol-viy
2800 ¢ 19 99 19 19 69 69 2L 99 29 29 29 ¥9 £9 09 Y7 o9 €L 6-bly
1€0°0 e 8t ozl olL ol b1l 02 o02r sz 02k &b el sl skt 6l Ll 2l vl sbly
2v0°0 95 €€ eer  oel  9eh 261 veL oSk g2eb  e2l  z2el 62 €2 2 el eyl 0l ech Yty
660'0 gLl 611 €1 eet oSk eSL  veL 22k vl 60k 9k bk oM lob B AL 6O 201 obiv
1600 vb1  08S} ol OEvL ©00LL OE9l 0S9L OS5k OISh OSkh Ok OEvh 0SSk 08yl OvOL  0S6L 008l oe9l Sl
le00  2€L 9 9e og 8¢ 8c 8¢ £ se ce 9 o 53 [ ve 8c 8c i€ adts
‘qeplepA QS uesp oLt 126 €ile e owe 28 6WL uU. 29 69 oS OMS v vEle sz e wiod

10 14000 1501

+SOlispeIS Arewiing ej8(] uswWeoINsedN
(z jo 2 obed)

$)uj0d 1521 PoX|4 9)|S BUUAUY BIO|JOIOfI [0S pue Blojd pueidn
(w/Aw) SAILISNILNI 1314 21H19313 TYNIANLIONOT zZH 9. €66} °‘cl-( dlqel

166 ¢



Page No.
01/14/94

DATE

01-Jan-93
02-Jan-93
03-Jan-93
03-Jan-93
04-Jan-93
05-Jan-93
05-Jan-93
06-Jan-93
07-Jan-93
07-Jan-93
08-Jan-93
08-Jan-93
09-Jan-93
09-Jan-93
10-Jan-93
11-Jan-93
12-Jan-93
12-Jan-93
13-Jan-93
13-Jan-93
13-Jan-93
14-Jan-93
14-Jan-93
15-Jan-93
16-Jan-93
17-Jan-93
18-Jan-93
19-Jan-93
19-Jan-93
19-Jan-83
20-Jan-93
20-Jan-93
20-Jan-93
21-Jan-93
21-Jan-93
22-Jan-93
23-Jan-93
24-Jan-93
25-Jan-93
26-Jan-93
26-Jan-93
27-Jan-93
27-Jan-93
27-Jan-93
28-Jan-93
28-Jan-93
29-Jan-93

TRANSMITTER OPERATIONAL PARAMETERS
NRTF REPUBLIC, MI

TIMEON TIMEOFF ANT  MOD
(GMTY*  (GMT)

0.00 23.98 B MSK
0.00 23.98 B MSK
0.00 21.33 B MSK
21.33 23.98 B MSK
0.00 23.98 B MSK
0.00 21.16 B MSK
21.16 23.98 B MSK
0.00 23.98 B MSK
0.00 14.00 B MSK
19.91 23.98 B MSK
0.00 21.75 B MSK
21.75 23.98 B MSK
0.00 0.68 B MSK
0.68 23.98 B MSK
0.00 23.98 B MSK
0.00 23.98 B MSK
0.00 14.13 B MSK
19.83 23.98 B MSK
0.00 13.75 B MSK
13.75 22.13 B MSK
22.13 23.98 B MSK
0.00 14.00 B MSK
19.98 23.98 B MSK
0.00 23.98 B MSK
0.00 23.98 B MSK
0.00 23.98 B MSK
0.00 23.98 B MSK
0.00 14.00 B MSK
14.33 14.36 NS MSK
19.76 23.98 B MSK
0.00 13.66 B MSK
13.66 22.00 B MSK
22.00 23.98 B MSK
0.00 14.00 B MSK
19.75 23.58 B MSK
0.00 23.98 B MSK
0.00 23.98 B MSK
0.00 23.98 B MSK
0.00 23.98 B MSK
0.00 14.00 B MSK
19.83 23.98 B MSK
0.00 13.50 B MSK
13.50 22.13 B MSK
22.13 23.98 B MSK
0.00 14.00 B MSK
19.75 23.98 B MSK
0.00 23.98 B MSK

161 -

FREQ CURRENT PHASE
(Hz) (Amps) (Deg)

76 .150 99
76 150 99
76 150 "99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 98
76 150 99
76 150 95
76 150 93
76 150 99
76 150 99
76 150 99
76 150 89
76 150 99
76 150 S9
76 150 99
76 150 99
76 150 89
76 150 89
76 150 89
76 150 99
76 150

76 150 99
76 150 99
76 150 9%
76 150 99
76 150 89
76 150 99
76 150 $9
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 9%
76 150 99
76 150 99
76 150 99

GT T C€IT » € mouS

GMAT 1 CcoT - § moury




Page No.
01/14/94

DATE

30-Jan-93
31-Jan-2923
01-Feb-93
01-Feb-93
01-Feb-93
02-Feb-93
02-Feb-93
02-Feb-93
03-Feb-93
03-Feb-93
03-Feb-93
04-Feb-93
04-Feb-93
04 -Feb-93
05-Feb-93
05-Feb-93
OS-Febf93
06-Feb-93
06-Feb-93
06-Feb-93
07-Feb-93
08-Feb-93
08-Feb-93
08-Feb-93
09-Feb-93
09-Feb-93
10-Feb-93
11-Feb-93
11-Feb-93
12-Feb-93
12-Feb-93
12-Feb-93
13-Feb-93
13-Feb-93
13-Feb-93
14-Feb-93
14-Feb-93
15-Feb-93
16-Feb-93
16-Feb-93
17-Feb-93
17-Feb-93
17-Feb-93
18-Feb-93
18-Feb-93
19-Feb-93
19-Feb-93

TIMEON TIMEOFF ANT

(GMT)

TRANSMITTER OPERATIONAL PARAMETERS
NRTF REPUBLIC, MI

(GMT)

wwmwwwwmwmmmtnmwwwmmmwmmmwmwmwwmwwwmwmmwmmwwwmmw

MOD

MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK

MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK

MSK

MSK
MSK

162

FREQ
(Hz)

150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150

CURRENT PHASE

(Amps) (Deg)
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20-Feb-93
21-Feb-93
22-Feb-93
23-Feb-93
23-Feb-93
24 -Feb-93
24-Feb-93
24-Feb-93
25-Feb-93
25-Feb-93
26-Feb-93
26-Feb-93
27-Feb-93
28-Feb-93
01-Mar-83
02-Mar-283
02-Mar-93
02-Mar-93
02~-Mar-93
02-Mar-93
03-Mar-93
03-Mar-93
04-Mar-93
04-Mar-93
05-Mar-93
06-Mar-93
07-Mar-93
08-Mar-93
09-Mar-93
09-Mar-93
09-Mar-93
10-Mar-93
11-Mar-93
11-Mar-93
12-Mar-93
13-Mar-93
14-Mar-93
15-Mar-93
16-Mar-93
16-Mar-93
16-Mar-93
l16-Mar-93
17-Mar-93
17-Mar-93
17-Mar-93
18-Mar-93
18-Mar-93
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FREQ
(Hz)

CURRENT PHASE
(Amps) (Deg)

150 99
150 - 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 89
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 89
150 99
150 S99
150 99
150 89
150 99
150 99
150 99
150 99
150 99
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DATE

19-Mar-93
20-Mar-93
21-Mar-93
22-Mar-93
23-Mar-93
23-Mar-93
24-Mar-93
24-Mar-93
24-Mar-93
25-Mar-93
25-Mar-93
26-Mar-93
27-Mar-93
28-Mar-93
29-Mar-93
30-Mar-93
30-Mar-93
31-Mar-93
31-Mar-93
31-Mar-93
01-Apr-93
01-Apr-93
02-Apr-93
03-Apr-93
04-Apr-93
05-Apr-93
06-Apr-93
06-Apr-93
07-Apr-93
07-Apr-93
08-Apr-33
08-Apr-93
08-Apr-93
08-Apr-93
08-Apr-93
08-Apr-93
09-Apr-93
10-Apr-93
11-Apr-93
12-Apr-93
1Z-Apr-93
13-Apxr-93
13-Apr-93
13-Apr-93
14-Apr-93
14-Apxr-93
14 -Apr-93
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FREQ CURRENT PHASE

(Hz)

(Amps)

150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
1590
150
150
150
150
150
150
150
150
150
150
150

(Deg)




Page No. 5

01/14/94

TRANSMITTER OPERATIONAL PARAMETERS

NRTF REPUBLIC, MI

DATE TIMEON TIMEOFF ANT MOD FREQ CURRENT PHASE

(GMT) (GMT) (Hz) (Amps) (Deg)
15-Apr-93 0.00 13.00 B MSK 76 150 99
15-Apr-93 18.76 23.98 B MSK 76 150 _99
16-Apr-93 0.00 23.98 B MSK 76 150 99
17-Apr-93 0.00 23.98 B MSK 76 150 99
18-Apr-93 0.00 23.98 B MSK 76 150 S99
19-Apr-93 0.00 23.98 B MSK 76 150 99
20-Apr-93 0.00 13.00 B MSK 76 150 99
20-Apr-93 18.90 23.98 B MSK 76 150 99
21-Apr-93 0.00 12.63 B MSK 76 150 99
21-Apr-93 12.63 21.95 B MSK 76 150 59
21-Rpr-93 21.95 23.%8 B MSK 76 150 9%
22-Apr-93 0.00 13.00 B MSK 76 150 99
22-Apr-93 18.83 23.98 B MSK 76 150 99
23-Apr-93 0.00 23.98 B MSK 76 150 99
24-Apr-93 0.00 12.25 B MSK 76 150 89
24-Apr-93 12.25 20.30 B MSK 76 150 99
24-Apr-93 20.30 20.33 NS MSK 76 150
24-Apxr-93 20.33 20.40 B MSK 76 150 99
24-Apr-93 20.40 20.48 NS MSK 76 150
24-Apr-93 20.48 20.55 B MSK 76 150 99
24-Apr-93 20.55 20.58 NS MSK 76 150
24-Apr-93 20.58 20.63 B MSK 76 150 99
24-Apr-93 20.63 20.66 NS MSK 76 150
24-Apr-93 20.66 22.00 B MSK 76 150 99
24-Apr-93 22.00 23.98 B MSK 76 150 99
25-Apxr-93 0.00 23.98 B MSK 76 150 99
26-Apr-93 0.00 23.98 B MSK 76 150 99
27-Bpr-93 0.00 13.00 B MSK 76 150 : 99
27-Apr-983 18.75 23.98 B MSK 76 150 95
28-Apr-93 0.00 12.68 B MSK 76 150 9%
28-Apr-93 12.68 23.98 B MSK 76 150 99
29-Apr-93 0.00 13.00 B MSK 76 150 99
29-Apr-93 18.75 19.18 B MSK 76 150 99
29-Apr-93 19.18 23.98 B MSK 76 150 99
30-Apr-93 0.00 23.98 B MSK 76 150 99
01-May-93 0.00 23.98 B MSK 76 150 99
02-May-93 0.00 23.98 B MSK 76 150 99
03-May-93 0.00 23.98 B MSK 76 150 89
04-May-93 0.00 13.00 B MSK 76 150 99
04 -May-93 18.78 23.98 B MSK 76 150 99
05-May-93 0.00 12.76 B MSK 76 150 99
05-May-93 12.76 21.48 B MSK 76 150 99
05-May-93 21.48 23.98 B MSK 76 150 S99
06-May-93 0.00 3.08 B MSK 76 150 99
06-May-93 3.33 11.73 B MSK 76 150 89
06-May-93 11.73 13.00 B MSX 76 150 99
06-May-93 18.75 18.80 EW MSK 76 150
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06-May-93
07-May-93
08-May-93
08-May-93
09-May-93
09-May-93
09-May-93
09-May-93
10-May-93
10-May-93
11-May-93
11-May-93
11-May-93
12-May-93
12-May-93
12-May-93
13-May-93
13-May-93
13-May-93
l4-May-93
14-May-93
14-May-93
14-May-93
14-May-93
14-May-93
15-May-93
16-May-93
17-May-93
18-May-93
18-May-93
18-May-93
19-May-93
15-May-93
19-May-93
19-May-93
19-May-S3
20-May-93
20-May-93
20-May-93
21-May-93
22-May-93
23-May-93
24-May-93
25-May-93
25-May-893
25-May-93
25-May-93
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FREQ
(Hz)

CURRENT PHASE

(Amps)

150

150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
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150
150
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150
150
150
150
150
150
150
150
150
150
150
150
150

(Deg)
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DATE

26-May-93
26-May-93
27-May-93
27-May-93
27-May-93
27-May-93
28-May-93
29-May-93
30-May-93
31-May-93
01-Jun-93
01-Jun-93
02-Jun-93
02-Jun-93
02-Jun-93
02-Jun-93
03-Jun-93
03-Jun-93
04 -Jun-93
05-Jun-93
06-Jun-93
07-Jun-93
08-Jun-93
08-Jun-93
08-Jun-93
08-Jun-93
08-Jun-93
09-Jun-93
09-Jun-93
09-Jun-93
10-Jun-93
10-3Jun-93
11-Jun-93
12-Jun-93
13-Jun-93
13-Jun-93
13-Jun-93
14-Jun-93
15-Jun-93
15-Jun-53
15-Jun-983
185-Jun-93
16-Jun-93
17-Jun-93
17-Jun-93
17-Jun-93
17-Jun-93

TIMEON TIMEOFF ANT

(GMT)

0.00
21.50
0.00
17.45
18.75
19.25
0.00
0.00
0.00
0.00
0.00
18.75
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18.83
19.08
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8.42
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TRANSMITTER OPERATIONAL PARAMETERS
NRTF REPUBLIC, MI

CURRENT PHASE

(Amps) (Deg)
150 99
150 99
150 99
150 99
150 99
150 S9
150 99
150 99
150 99
150 89
150 99
150 99
150 99
150 99
150 989
150 99
150 89
150 99
150 99
150 99
150 99
150 99
150 99
150 9SS
150 99
150

150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 99
150 89
150




Page No. 8

01/14/94

TRANSMITTER OPERATIONAL PARAMETERS

NRTF REPUBLIC, MI

DATE TIMEON TIMEOFF ANT MOD FREQ CURRENT PHASE

(GMT) (GMT) (Hz) (Amps) (Deg)
17-Jun-93 8.70 8.87 B MSK 76 150 99
17-Jun-93 9.02 9.22 NS MSK 76 150
17-Jun-93 11.25 13.00 NS MSK 76 150
17-Jun-93 22.43 23.98 B MSK 76 150 89
18-Jun-93 0.00 23.98 B MSK 76 150 99
19-Jun-93 0.00 23.98 B MSK 76 150 99
20-Jun-93 0.00 23.98 B MSK 76 150 99
21-Jun-93 0.00 23.98 B MSK 76 150 89
22-Jun-93 0.0C 7.80 B MSK 76 150 89
22-Jun-93 7.80 10.38 B MSK 76 150 89
22-Jun-93 10.38 13.00 B MSK 76 150 99
22-Jun-93 18.75 23.98 B MSK 76 150 99
23-Jun-93 0.00 12.58 B MSK 76 150 89
23-Jun-93 12.58 21.00 B MSK 76 150 99
23-Jun-93 21.00 23.98 B MSK 76 150 99
24-Jun-93 0.00 13.00 B MSK 76 150 99
24-Jun-93 18.76 20.40 B MSK 76 150 89
24 -Jun-93 20.51 21.33 B MSK 76 150 99
24-Jun-93 21.33 21.238 EW MSK 76 150
24-Jun-93 21.38 22.01 B MSK 76 150 99
24-Jun-93 22.01 22.03 NS MSK 76 150
24-Jun-93 22.08 23.86 B MSK 76 150 99
24-Jun-93 23.88 23.98 B MSK 76 150 9S
25-Jun-93 0.00 23.98 B MSK 76 150 89
26-Jun-93 0.00 17.10 B MSK 76 150 99
26-Jun-93 17.10 21.36 B MSK 76 150 9%
26-Jun-93 21.36 23.98 B MSK 76 150 99
27-Jun-93 0.00 23.98 B MSK 76 150 89
28-Jun-93 0.00 22.21 B MSK 76 150 99
28-Jun-93 22.21 23.98 B MSK 76 150 99
29-Jun-93 0.00 1.02 B MSK 76 150 99
29-Jun-93 1.02 13.00 B MSK 76 150 99
29-Jun-93 18.75 23.98 B MSK 76 150 99
30-Jun-93 0.00 12.98 B MSK 76 150 89
30-Jun-93 12.98 21.16 B MSK 76 150 99
30-Jun-93 21.16 23.98 B MSK 76 150 99
01-Jul-93 0.00 13.00 B MSK 76 150 99
01-Jul-93 18.76 21.50 B MSK 76 150 99
01-Jul-93 21.50 22.83 B MSK 76 150 89
01-Jul-93 22.83 23.98 B MSK 76 150 S99
02-Jul-93 0.00 4.42 B MSK 76 150 99
02-Jul-93 4.50 23.98 B MSK 76 150 99
03-Jul-93 0.00 23.98 B MSK 76 150 99
04-Jul-93 0.00 1.33 B MSK 76 150 89
04-Jul-93 1.42 2.63 B MSK 76 150 99
04-Jul-93 2.63 4.45 B MSK 76 150 99
04-Jul-93 4 .45 23.98 B MSK 76 150 99
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01/14/9%94
TRANSMITTER OPERATIONAL PARAMETERS
NRTF REPURLIC, MI

DATE TIMEON TIMEOFF ANT MOD FREQ CURRENT PHASE

(GMT) (GMT) (Hz) (Amps) (Deg)
05-Jul-93 - 0.00 23.98 B MSK 76 150 9%
p6-Jul-93 0.00 13.00 B MSK 76 150 .99
06~Jul-93 18.73 23.98 B MSK 76 150 99
07-Jul-93 0.00 12.91 B MSK 76 150 99
07-Jul-93 12.91 21.00 B MSK 76 150 99
07-Jul-93 21.00 23.98 B MSK 76 150 99
08-Jul-93 0.00 13.00 B MSK 76 150 99
08-Jul-83 18.66 20.51 B MSK 76 150 89
08-Jul-93 20.51 21.00 B MSK 76 150 99
08-Jul-93 21.00 23.88 B MSXK 76 150 99
09-Jul-93 0.00 18.16 B MSK 76 150 99
09-Jul-93 18.25 23.98 B MSK 76 150 89
10-Jul-93 0.00 23.98 B MSK 76 150 99
11-Jul-93 0.00 14.88 B MSK 76 150 99
11-Jul-93 14.88 17.06 B MSK 76 150 99
11-Jul-93 17.06 23.98 B MSK 76 150 9%
12-Jul-93 0.00 23.98 B MSK 76 150 99
13-Jul-93 0.00 13.00 B MSK 76 150 99
13-Jul-93 18.88 23.98 B MSK 76 150 99
14-Jul-93 0.00 12.60 B MSK 76 150 99
14-Jul-93 12.60 21.16 B MSK 76 150 99
14-Jul-93 21.16 23.61 B MSK 76 150 99
14-Jul-93 23.93 23.98 B MSK 76 150 99
15-Jul-93 0.00 13.00 B MSK 76 150 99
15-Jul-93 18.85 23.98 B MSK 76 150 99
16-Jul-93 0.00 6.25 B MSK 76 150 9%
16-Jul-93 6.35 23.98 B MSK 76 150 99
317-Jul-93 0.00 23.98 B MSK 76 150 99
18-Jul-93 0.00 2.50 B MSK 76 150 99
18-Jul-83 2.58 14.68 B MSK 76 150 99
18-Jul-93 14.68 14.75 EW MSK 76 150
18-Jul-93 14.75 17.85 B MSK 76 150 99
18-Jul-93 17.05 17.08 EW MSK 76 150
18-Jul-93 17.08 18.61 B MSK 76 150 99
18-Jul-93 18.61 18.85 EW MSK 76 150 .
18-Jul-93 18.85 23.98 B MSK 76 150 99
19-Jul-93 0.00 23.98 B MSK 76 150 99
20-Jul-93 0.00 13.00 B MSK 76 150 99
20-Jul-93 18.75 23.98 B MSK 76 150 99
21-Jul-93 0.00 12.58 B MSK 76 150 99
21-Jul-93 12.58 21.11 B MSK 76 150 99
21-Jul-93 21.11 23.98 B MSK 76 150 99
22-Jul-983 .00 13.00 B MSK 76 150 89
22-Jul-283 18.7%5 23.98 B MSK 76 150 99
23-Jul-93 $.00 23.98 B MSK 76 150 99
24-Jul-93 0.00 23.98 B MSK 76 150 S9
25-Jul-93 - 0.00 10.56 B MSK 76 150 99
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01/14/94
TRANSMITTER OPERATIONAL PARAMETERS
NRTF REPUBLIC, MI

DATE TIMEON TIMEOFF ANT MOD FREQ CURRENT PHASE

(GMT) (GMT) (Hz) (Amps) (Deg)
25-Jul-93 10.75 23.98 B MSK 76 150 99
26-Jul-93 0.00 23.98 B MSK 76 150 99
27-Jul-93 0.00 13.00 B MSK 76 150 99
27-Jul-93 18.76 23.98 B MSK 76 150 99
28-Jul-83 0.00 7.23 B MSK 76 150 99
28-Jul-93 7.23 7.27 NS MSK 76 150
28-Jul-93 7.27 7.45 B MSK 76 150 99
28-Jul-93 7.52 7.57 B MSK 76 150 99
28-Jul-93 7.57 7.63 EW MSK 76 150
28-Jul-93 7.63 8.67 B MSK 76 150 99
28-Jul-93 8.75 12.80 B MSK 76 150 99
28-Jul-93 12.80 21.03 B MSK 76 150 99
28-Jul-93 21.03 23.98 B MSK 76 150 99
29-Jul-93 0.00 13.00 B MSK 76 150 99
29-Jul-93 18.78 23.98 B MSK 76 150 99
30-Jul-93 0.00 23.98 B MSK 76 150 99
31-Jul-93 0.00 13.66 B MSK 76 150 99
31-Jul-93 13.83 23.98 B MSK 76 150 99
01-Aug-93 0.00 3.20 B MSK 76 150 99
01-Aug-93 3.20 23.98 B MSK 76 150 99
02-Aug-93 0.00 13.08 B MSK 76 150 99
02-Aug-93 13.35 23.98 B MSK 76 150 99
03-Aug-93 0.00 13.00 B MSK 76 150 99
03-Aug-93 18.83 23.98 B MSK 76 150 99
04-Aug-93 0.00 5.52 B MSK 76 150 99
04-Aug-93 5.52 21.00 B MSK 76 150 99
04-ARug-93 21.00 23.98 B MSK 76 150 , 99
05-Aug-93 0.00 13.00 B MSK 76 150 99
05-Aug-93 18.85 23.30 B MSK 76 150 99
05-Aug-93 23.30 23.33 EW MSK 76 150
05-Aug-93 23.33 23.98 B MSK 76 150 99
06 -Aug-93 0.00 0.07 B MSK 76 150 99
06-Aug-93 0.07 23.98 B MSK 76 150 99
07-Aug-93 0.00 23.98 B MSK 76 150 99
08-Aug-93 0.00 23.98 B MSK 76 150 99
09-Aug-93 0.00 18.75 B MSK 76 150 99
09-Aug-93 18.78 23.98 B - MSK 76 150 99
10-Aug-93 0.00 12.66 B MSK 76 150 99
10-Aug-93 12.66 13.00 B MSK 76 150 99
10-Aug-93 18.93 19.13 B MSK 76 150 99
10-Aug-93 19.13 23.98 B MSK 76 150 99
11-Aug-93 0.00 14.93 B MSK 76 150 99
11-Aug-93 14.95 23.98 B MSK 76 150 99
12-Aug-93 0.00 13.00 B MSK 76 150 99
12-Aug-93 13.01 23.98 B MSK 76 150 99
13-Aug-93 0.00 23.98 B MSK 76 150 99
14-Aug-93 . ©0.00 23.98 B MSK 76 150 99
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TRANSMITTER OPERATIONAL PARAMETERS
NRTF REPUBLIC, MI

DATE TIMEON TIMEOFF ANT MOD FREQ CURRENT PHASE

(GMT) (GMT} (Hz) (Amps) (Deg)
15-Aug-93 0.00 23.98 B MSK 76 150 99
16-Aug-93 0.00 21.86 B MSK 76 150 99
16-Aug-93 21.86 21.91 B MSK 76 150 99 -
16-Aug-93 21.91 22.96 B MSK 76 150 99
16-Aug-93 23.01 23.98 B MSK 76 150 99
17-Aug-93 0.00 13.00 B MSK 76 150 99
17-Aug-93 18.75 21.03 B MSK 76 150 99
17-Aug-93 21.03 23.98 B MSK 76 150 99
18-Aug-93 0.00 23.98 B MSK 76 150 99
19-Aug-93 0.00 13.00 B MSEX 76 1580 99
19-Aug-93 18.75 19.46 B MSK 76 150 89
19-Aug-93 19.46 23.98 B MSK 76 150 99
20-Aug-93 0.00 2.68 B MSK 76 150 99
20-Aug-93 2.68 3.58 B MSK 76 150 99
20-Aug-93 3.58 23.858 B MSK 76 150 99
21-Aug-93 0.00 23.98 B MSK 76 150 99
22-Aug-93 0.00 23.98 B MSK 76 150 99
23-Aug-93 0.00 23.91 B MSK 76 150 99
23-Aug-93 23.91 23.98 B MSK 76 150 99
24 -Aug-93 0.00 3.03 B MSK 76 150 99
24-Aug-93 3.03 12.75 B MSK 76 150 99
24 -Aug-93 12.75 12.00 B MSK 76 150 99
24 -Aug-93 18.76 18.95 B MSK 76 150 99
24 -Aug-93 18.95 23.58 B MSK 76 150 oo
25-Aug-93 0.00 23.98 B MSK 76 150 99
26-Aug-93 0.00 12.88 B MSK 76 150 99
26-Aug-93 12.98 13.00 B MSK 76 150 99
26-Aug-93 18.66 19.25 B MSK 76 150 99
26-Aug-93 19.25 20.33 B MSK 76 150 99
26-Aug-93 20.33 23.98 B MSK 76 150 99
27-Aug-93 0.00 3.93 B MSK 76 150 99
27-Aug-93 3.93 6.43 B MSK 76 150 99
27-Aug-93 6.43 10.50 B MSK 76 150 99
27-Aug-93 10.90 10.95 EW MSK 76 150
27-Aug-93 10.85 10.96 B MSK 76 150 99
27-Aug-93 10.96 10.98 NS MSK 76 150
27-Aug-93 10.98 11.05 EW MSK 76 150
27-Aug-93 11.05 11.10 B MSK 76 150 99
27-Aug-93 11.15 11.16 B MSK 76 150 99
27-Aug-93 12.46 23.98 B MSK 76 150 99
28-Aug-93 0.00 23.98 B MSK 7€ 150 99
29-Aug-93 0.00 23.98 B MSK 76 150 99
30-Aug-93 0.00 10.50 B MSK 76 150 99
30-Aug-93 10.58 10.60 B MSK 76 150 99
30-Aug-93 10.60 18.93 B MSK 76 150 99
30-Aug-93 18.93 19.50 B MSK 76 150 99
30-Aug-93 19.58 23.98 B MSK 76 150 99
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31-Aug-93
31-Aug-93
01-Sep-93
01-Sep-93
01-Sep-93
01-Sep-93
02-Sep-93
02-Sep-93
02-Sep-93
02-Sep-93
03-Sep-93
04-Sep-93
05-Sep-93
06-Sep-93
07-Sep-93
07-Sep-93
08-Sep-93
08-Sep-93
08-Sep-93
09-Sep-93
05-Sep-93
09-Sep-93
09-Sep-93
10-Sep-93
11-Sep-93
11-Sep-93
12-Sep-93
13-Sep-93
13-Sep-93
13-Sep-93
13-Sep-93
13-Sep-93
13-Sep-93
13-Sep-93
13-Sep-93
14-Sep-93
14-Sep-93
1l4-Sep-93
14-Sep-93
14-Sep-93
15-Sep-93
16-Sep-93
16-Sep-93
16-Sep-93
17-Sep-93
18-Sep-93
195-Sep-93
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MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK

MSK
MSX

MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
MSK
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FREQ CURRENT PHASE
(Hz) (Amps) (Deg)

76 150 99
76 150 98
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 S9
76 150 99
76 150 99
76 150 99
76 150 9SS
76 150 99
76 150

76 150 99
76 150

76 150 99
76 150 99
76 150 99
76 150 ) 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
76 150 99
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01/14/94
TRANSMITTER OPERATIONAL PARAMETERS
NRTF REPUBLIC, MI

' DATE TIMEON TIMEOFF ANT MOD  FREQ CURRENT PHASE
(GMT) (GMT) (Hz) (Amps) (Deg)
20-Sep-93 0.00 23.98 B MSK 76 150 99
21-Sep-93 0.00 12.75 B MSK 76 150 99
21-Sep-93 12.75 13.00 B MSK 76 150 99
21-Sep-93 18.78 23.98 B MSK 76 150 99
22-Sep-93 0.00 12.75 B MSK 76 150 99
22-Sep-93 12.75 21.00 B MSK 76 150 99
22-Sep-93 21.00 23.98 B MSK 76 150 99
23-Sep-93 0.00 13.00 B MSK 76 150 99
23-Sep-93 18.76 23.98 B MSK 76 150 99
24-Sep-93 0.00 23.98 B MSK 76 150 99
25-Sep-93 0.00 23.98 B MSK 76 150 99
26-Sep-93 0.00 17.35 B MSK 76 150 99
26-Sep-93 17.35 20.83 B MSK 76 150 99
26-Sep-93 20.83 23.98 B MSK 76 150 99
27-Sep-93 0.00 15.25 B MSK 76 150 99
27-Sep-93 15.35 23.98 B MSK 76 150 99
28-Sep-93 0.00 13.00 B MSK 76 150 99
28-Sep-93 18.75 23.98 B MSK 76 150 99
29-Sep-93 0.00 13.00 B MSK 76 150 99
29-Sep-93 20.76 23.98 B MSK 176 150 99
30-Sep-93 0.00 12.83 B MSK 76 150 99
30-Sep-93 12.83 19.58 B MSK 76 150 99
30-Sep-93 19.58 23.98 B MSK 76 150 99
01-Oct-93 0.00 23.98 B MSK 176 150 100
02-0Oct-93 0.00 23.98 B MSK 76 150 100
03-0Oct-93 0.00 23.98 B MSK 76 150 100
04-Oct-93 0.00 23.98 B MSK 76 150 100
05-Oct-93 0.00 14.00 B MSK 76 150 : 100
05-0ct-93 19.83 23.98 B MSK 76 150 100
06-0ct-93 0.00 12.11 B MSK 76 150 100
06-Oct-93 12.11 16.98 B MSK 176 150 100
06-0Oct-93 17.01 23.98 B MSK 76 150 100
07-Oct-93 0.00 2.68 B MSK 76 150 100
07-0Oct-93 2.68 14.00 B MSK 76 150 100
07-Oct-93 19.76 21.61 B MSK 76 150 100

07-Oct-93 21.61 21.66 NS MSK 76 150
07-Oct-93 21.66 22.10 B MSK 76 150 100

07-Oct-53 22.10 22.11 EW MSK 76 150

07-0Oct-93 22.21 22.40 EW MSK 76 150
07-0ct-33 22.85 23.98 B MSK 76 150 100
08-Dct-93 0.00 6.57 B MSK 76 150 100

08-Oct-93 6.57 6.62 EW MSK 76 150
08-Oct-93 6.62 6.72 B MSK 76 150 100
08-0Oct-93 6.82 23.98 B MSK 76 150 100
09-0Oct-93 0.00 23.98 B MSK 76 150 100
10-0Oct-93 0.00 15.75 B MSK 76 150 100
10-Oct-93 15.83 20.43 B MSK - 76 150 100
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01/14/94

DATE

10-0ct-93
11-Oct-93
12-0Oct-93
12-0Oct-93
13-0ct-93
13-0Oct-93
13-0Oct-83
14-0Oct-93
14-0Oct-93
14-0Oct-93
14-0Oct-93
14-0ct-93
14-0Oct-93
14-0Oct-93
15-0ct-93
16-0ct-93
17-0Oct-93
18-0ct-93
18-0Oct-93
19-0Oct-93
20-0Oct-93
20-0ct-83
20-0Oct-93
21-0Oct-93
21-0Oct-93
21-0Oct-83
22-0Oct~93
22-0ct-93
23-0Oct-93
24-0Oct-93
25-0ct-93
26-0ct-93
26-0ct-93
27-0ct-93
27-0ct-93
27-0ct-93
28-0Oct-93
28-0ct-93
29-0ct-93
30-0ct-93
31-0Oct-93

14

“TRANSMITTER OPERATIONAL PARAMETERS

TIMEON TIMEOFF
(GMT) (GMT)

20.43 23.98

00 23.98
00 23.98
00  14.00
19.76  23.98
00 13.75

**xk Total ***

5693.4 12454.6

NRTF REPUBLIC, MI

=
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FREQ
(Hz)

CURRENT PHASE
(Amps) (Deg)

150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150

150 100
150

150 100
150

150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100
150 100




Appendix E

Detection Limits and ANOVA Table for Ambient Variables
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General analysis of variance and statistical design for climate.

Table 1.
Source of Sumof Mean
Yariation Squares Square E-Ratio

Si SS(S) MSfS) MSiS)/M éEé
PLw S| (Error 1) SS(E1) MS E1; MS(E1)/MS(
WK w PL w Sl (Error 2) SS(Eo) MS(E2
YR SS(Y) MS /MSSEE)
YR x Si SS(YS) MS(YS) S)M
YR x PLwSI (Error 3) SS(E3) MS(E3 MS 3)/MS(E4)
YR x WKwPLwS! (Error 4) SS(E4) MS(E4
ST SS(T) MS /MS(E
ST x SI SS(TS) gT)I') gﬂr gég) ;
ST x PLwSI (Error 5) SS(Es) MS(Esg MS(Es)/MS(Eg
ST x WKwPLwSI (Error 6) SS(Eg) MS(Eg
MO SS(M) MS(M) MS M /MS E
MO x SI SS(MS)  MS(MS) %
MO x PLwSI (Error 7) SS(E7) MS(E7 S E%/MS
MO x WKwPLwSI (Error 8) SS(Eg) MS(Eg
YR x MO SS(YM)  MS(YM) M)/MS Eg)
YR x MO x Sl SS(YMS) MS(YMS) MS)/M (Eq)
YR x MO x PLwSI (Error 9) SS(Eg) MS(Eg) Eg)/MS(E10
YR x MO x WKwPLwSI(Error 10) SS(E1g) MS(E10)
YR x ST SS(YT) MS(YT) MS(YT)MS E
YR x ST x SI SS(YTS) MS(YTS) MS YTS)/M %11)
YR x ST x Sl (Error 11) SS(E11) MS(E14) E41)YMS(E12)
YR x ST x Sl x WKwPLwSI(Error 12) SS(E12)
ST x MO SS(TM) MS(TM) MS M)/MS(E13
STxMOx S| SS(TMS) MS(TMS) MS)M E 13)
ST x MO x PLwSI (Error 13) (E13) MS(E13) MS Eq 3)/MS( 14 :3
ST x MO x WKwPLwSI (Error 14) SS(E14) MS(E1 4)
YR x ST x MO x S| (YTMS) MS(YTMS) MSéYTMS)/MS(E 5)
YR x ST x MO x PLwSI (Error 15) SS(Eq5) MS(E15§ MS E15)/MS(E15;
YR x ST x MO x WKwPLwSI (Error 16) (E1 6) MS(E1s

Site = SI, S Within=w

Stand Type = ST, T By=x

Year=YR,Y

Month = MO, M

Plot = PL
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Table 2 Multiple range detection limits (DTL) and detection limits as a percent of
overall mean (DTL%) for control vs. test site comparisons (1985-1 993).

Control Vs. Ground

: Site x Yr Site x Yr
Variable DTL DTL%
Air Temperature (°C) 0.43 3.56
Soil Temperature 5cm (°C) 0.45 3.62
Soil Temperature 10cm (°C) 0.56 4.65
Soil Moisture 5cm (%) 1.49 10.21
Soil Moisture 10cm (%) 1.39 9.53
Precipitation (cm) 1.03 61.40
Relative Humidity (%) 4.02 5.61

Control Vs. Antenna

Site x Yr Site x Stand Type x Y1
Yariable DTL DTL% DTL DTL
Air Temperature (°C) 0.26 2.18 0.29 2.38
Soil Temperature 5cm (°C) 0.30 2.62 0.69 5.90
Soil Temperature 10cm (°C) 0.37 3.27 0.54 4.76
Soil Moisture 5¢cm (%) 1.10 8.65 1.43 11.21
Soil Moisture 10cm (%) 0.86 6.86 1.55 12.37
Precipitation (cm) 1.02 60.31
Relative Humidity (%) 4.04 5.42
PAR 2.7 58.6
Air Temperature (30cm) 1.5 12.4
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Table 3. General analysis of variance and statistical design for soll nutrients.

Sum of Mean

Source of
Variation Squares Square E-Ratio
Sl SS(S) MS(S) MS(S)/MS(E1)
PL w S! (Error 1) SS(E1) MS(E1)
YR SS(Y) MS(Y) /MS E
YR x Sl SS(YS) MS$YS) SYM ( )
YR x PLWSI (Error 2) SS(Eo) )
Site = SI, S Within=w
Year=YR,Y
Piot = PL
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Effects of 76 Hz electromagnetic fields on forest ecosystems

in northern Michigan: tree growth
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Abstract. Since 1984, the possible effects of extremely
low-frequency electromagnetic (EM) fields generated by
a 76 Hz communication antenna on the growth and pro-
ductivity of four deciduous and one coniferous species
have been studied in the Upper Peninsula of Michigan.
Results from two research sites are discussed here: one
site near an antenna element and a control site located
50 km from the communication system. Growth models
for individual tree diameters were developed for north-
ern red oak (Quercus rubra), paper birch (Betula papyri-
fera), aspen (Populus tremuloides with a few individuals
of P. grandidentata), and red maple (Acer rubrum). A
growth model for individual tree height was developed
for young red pine (Pinus resinosa). Average differences
between the observed and predicted growth were calcu-
lated for each growing season and then compared be-
tween the study sites and across the study periods to
evaluate changes in growth patterns which could be at-
tributed to EM field effects. For aspen and red maple,
the results showed a stimulation of diameter growth at
magnetic flux density levels of 1 to 7 milliGauss; height
growth of red pine was increased at about the same
exposure levels. There are no clear indications of an
EM field effect on total annual diameter growth for ei-
ther of the other two species.

Key words: Bioelectric effects — Biomagnetic effects —
Environmental monitoring — Change point analysis

Introduction

Over the past few years, the biological effects of electro-
magnelic (EM} fields at varying frequency levels have
generated much interest. The majority of work has been
done with controlled laboratory experiments studying
the effects of EM fields; little work has examined the

Correspondence to: D.D. Reed

effects of EM fields on plant communities growing in
natural settings. The United States Navy, Space and Na-
val Warfare Systems Command operates an extremely
low frequency (ELF); (76 Hz) antenna system at the Na-
val Radio Transmitting Facility in Republic, Michigan.
The antenna was constructed to communicate with sub-
merged submarines around the world. Testing of the
90 km antenna began in 1986 and continued at interme-
diate levels until 1989 when the antenna became fully
operational at 150 amperes. An intensive environmental
monitoring program began in 1984 to determine whether
ELF electromagnetic fields cause changes in forest pro-
ductivity or health (Zapotosky 1992).

" Tree growth is sensitive to a variety of environmental
disturbances. One component of the study examines the
growth and development of both a natural community
of second-growth hardwood trees and a planted red pine
plantation. Diameter growth was the response variabie
used for assessing the effects of ELF fields on the hard-
wood trees because cambial activity is responsive to envi-
ronmental effects (Smith 1986) and diameter at breast
height (dbh) is strongly correlated with total tree bio-
mass (Crow 1978). For red pine, height growth was the
primary response variable. Effects of the ELF fields on
these response variables were examined between study
sites each year and between pre-operational and opera-
tional years.

Materials and methods

Antenna operation. The naval ELF communications system con-
tains an antenna, which is primarily situated above the ground
between a number of grounded terminals. The study sites com-
prised one near the antenna element (antenna site) and a control
site located 50 km from the antenna system. The antenna began
operation at 6 amperes (low power) in 1986. at 15 amperes in
1987, at 75 amperes in 1988, and at 150 amperes in 1989, 1990,
and 1992. The antenna was at an unmodulated frequency of 76 Hz
from 1986 until 1988. at modulated frequencies (72-80 Hz) for
a portion of the time during 1988 and 1989, and at full frequency
modulated operation from late 1989 to 1992. In 1991, because
of repair work needed on the portion of the antenna ncar the
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Table 1. ngmary of stanq conditions at Variable Antenna Control
the beginning of the growing seasons of
1985 and 1952 1985 1992 1985 1992
Hardwoods
Basal area (m?/ha)
Northern red oak 6.57 8.69 20.00 22.70
Paper birch 0.86 0.96 2.92 1.32
Aspen 243 294 333 5.34
Red maple 7.78 9.54 0.52 0.78
Stems (n/ha)
Northern red oak 167 156 559 542
Paper birch 25 25 _ 127 45
Aspen 48 48 139 108
Red maple 457 464 , 57 67
Site index* (m at 50 years) )
Northern red oak 21 2
Paper birch 20 18
Aspen 21 20
Red maple 17 18
Age in 1985 (years)
Northern red oak 45 50
Paper birch 53 52
Aspen 48 53
Red maple 40 43
Red pine
Average height (cm) 23.92 299.50 22.73 328.68
Average height growth (cm) 6.61 51.58 8.34 43.81

* The site index represents mean dominant height (in m) at 50 years

anienna site, that segment was de-energized from May 8 to July
12. During this time, EM fields at lower than operational intensities
at the antenna site were produced by EM coupling from another
antenna element. This time frame coincides with an interval when
65-85% of the diameter growth of hardwood species occurs and
90% of the height growth of red pine occurs. The same antenna
segment was again de-energized on December 23, 1991 to March
23, 1992.

Measurements of 76 Hz transverse, longitudinal, and magnetic
fields were made on each study site each year (Haradem et al.
1991). Due to the complexity of the effects of site conditions on
the air and earth electric fields, only the effects of exposure levels
of the maximum magnetic flux density have been investigated to
date. The fields are very predictable and interpolation equations
have been developed to estimate maximum magnetic flux density
exposure levels a1 any location within the study sites. These equa-
tions, together with tree locations mapped to the nearest 0.10m
(Reed el al. 1989}, provide an esumated magnetic flux density expo-
sare at the center of the base of each study tree. At full power
(150 A), magnetic flux density exposures at the antenna site range
from 5 (o ¥¢ miliGauss (mG) (mean, 797 mG) in the hardwood
siand 204 6 10 25 mG (mean, 11.70 mG) at the red pine plantation.
A{ the control site, exposures were less than 0.0025 mG for all
individuals in both stands.

Site description. The control site is located at 46° 10' N. 88°30°' W
and the anienna site is at 46° 20' N, 88° 10" W. At the control
and antenna sites both a stand of hardwoods and a red pine planta-
tion were under observation. Both sites support or supported (prior
1o clearcutting and planting) second-growth northern hardwood
vegetation, classified as the Acer-Quercus- Vaccinium habitat type
(Coffman et al. 1983). The vegetation consisted primarily of red
maple (Acer rubrum, L.) and northern red oak (Quercus rubra.
L.) with minor components of quaking aspen (Populus tremuloides.
Michx.). bigtooth aspen (P. grandidentata, Michx.). and paper
birch (Betula papyrifera, Marsh.). A summary of the stand condi-
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tions is given in Table 1. All three sites are in the same regional
ecosystem and have similar geology and climate (Iron District,
Crystal Falls Subdistrict; Albert et al. 1986). The sites have short
growing seasons (87 days) and are subject to the climatic influences
of the Great Lakes. Although surface horizons of the soils are
morphologically similar, the control site was classified as Alfic
Haplorthod, sandy, mixed, frigid, and the antenna site was classi-
fied as an Entic Haplorthod, sandy, mixed, frigid (US Department
of Agriculture Soil Conservation Service 1975).

Tree measurements. Since 1985, weekly diameter increments, to the
nearest 0.008 cm, of four hardwood species have been measured
with permanent dendrometer bands. These species include northern
red oak, paper birch, aspen (both trembling and bogtooth), and
red maple. For the planted red pine, weekly shoot growth has
been measured to the nearest 1 mm since 1985. The height measure-
ments were made from the meristematic tip or the tip of the new
terminal bud to the center of the whorl of lateral branches beneath
the bud. Red pine weekly measurements begin in mid-April and
continued until mid-July when shoot elongation was completed.
Weekly diameter measurements of the hardwoods began in mid-
April and continued until early October when 50% of leaf fall
has occurred. Each site was equipped with an automated ambient
weather monitoring station. Three-hour averages or totals were
calculated from hourly measurements of precipitation, air tempera-
ture. relative humidity. solar radiation, soil moisture (5cm and
10 cm depths), and soil temperature (5cm and 10cm depths)
throughout the growing season.

Growth models. Growth models for both the hardwood species
and the planted red pine were developed using data collected prior
to antenna activation. Reed etal. (1992) developed diameter
growth models for i {our hardwood species. The models incorpor-
ate a weekly timestep and are composed of four components: (1)
annua! polential growth, (2)-en adjustment of annual potential
growth to account for intertree competition, (3) an adjustment
for site physical, chemical, and annual climatic properties. and




mber of observations and deviation from expected growth for each species with clas
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s of exposure to magnetic flux density

Table 2. Nu

Exposure Deviation from expected growth*

level - -

Northern red oak Paper birch Aspen Red maple Red pine

mG n cm n cm n cm n cm n cm

<0.5 19 —0.01+0.02 3 —0.00+0.02 11 0.02+0.02 70 —0.02+0.01 117 —1.35+0.08
0.5-1.5 23 0.07+0.03 6 —0.01 £0.01 11 0.06+0.02 80 —0.00+0.01 75 -1.26+0.22
1.5-2.5 40 0.07+0.02 6 —0.13+0.06 9 0.2040.03 101 —0.05+0.01 55 —0.71+£0.36
2.5-35 2 0.08 +£0.03 4 0.03+0.04 9 0.15+0.05 87 -0.04+0.01 44 —0.59+0.36
3.5-85 0 0.06+0.03 0 - 7 0.12+0.02 41 —0.08+0.01 68 —-1.174£0.26
5.5-8.5 120 0.01+0.01 19 —0.13+0.04 27 0.01+0.02 306 0.05+0.01 36 -1.39+0.30

>8.5 27 0.07+0.02 6 0.01+0.04 18 0.01 £0.03 133 0.06+0.01 4 —1.574£0.22

* Average observed minus predicted diameter growth for hardwoods (Reed

1991)

(4) scasonal growth pattern which accounts for weekly climatic
factors. Jones et al. (1991) estimated weekly red pine shoot growth
using a modified version of the Chapman-Richards growth func-
tion (Pienaar and Turnbull 1973). Weekly shoot growth, a function
of cumulative air temperature degree days (4.4 °C basis), was modi-
fied by a component containing soil water potential. Ambient data
on the sites were used with the growth models to caiculate the
expected growth for each species based on the physical, chemical.
and climatic growing conditions for a given growing season. Devia-
tions from the expected growth were examined to determine if
they were related to the magnetic flux density exposure levels.

Results and discussion

For each tree species, differences between the observed
growth and predicted growth (residuals) were calculated
each year using the respective growth models. These dif-
ferences were expected to increase if an additional factor
was introduced which impacts tree growth. The differ-
ences were compared among study sites as well as be-
tween pre-operational and operational years. The inde-
pendence of the growth model residuals for different
years was examined. The differences from the expected
growth for up to five successive years were not signifi-
cantly correlated (P<0.05) with each other for any of
the hardwood species examined on the study sites. For
red pine there was a significant correlation (P=0.05)
for a 2-year lag on each site, but all other correlations
did not significantly differ from zero (P=0.05). This
lack of correlation implies that there was no time-depen-
dent structure to the residuals; thus observations from
individual trees in each year can be assumed to be stat-
istically independent of observations from other years.
Evaluation of the effects of ELF fields on individual
tree growth between the pre-operational and operational
years was conducted by examining the level of exposure
to the magnetic flux density generated by the antenna.
All observations were placed in one of seven classes
based on the average exposure to magnetic flux density
during that particular growing season: less than 0.5 mG,
0.5-1.5 mG, 1.5-2.5 mG, 2.5-3.5 mG, 3.5-5.5mG, 5.5-
8.5 mG. and greater than 8.5 mG. The data of Table 2
show the average residual and deviation (positive values
indicate greater than expected growth and negative

etal. 1992) and height growth for red pine (Jones etal.

04

Annual Diameter Growth Residual (cm)

&

Annual Height Growth Residual (cm)

i

Sinment —— P P -

“o 2 M 3 10 12

Fig. 1. The effect of electromagnetic (EM) fields on (a) aspen diam-
cter growth residuals from the antenna site (1986-1992) and (b)
red pine height growth residuals from the antenna site (1986-1992)

values indicate less than expected growth) for each spe-
cies each year on the study sites. Figure 1 presents the
same material graphically for red pine and aspen.

There was greater (P<0.05) than expected growth
at exposure levels from 1.5 to 5.5mG for aspen com-
pared to growth at low (<0.5 mG) and high (>8.5 mG)
magnetic flux density exposure levels. These growth dif-
ferences were also greater than those at the control
stands for the same time periods. For red maple, there
was greater growth at high exposure levels (>8.5 mG)
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than at lower levels (P<0.05), and after factoring out
the corresponding growth for the same time periods at
the control site, red maple was found to follow the same
pattern as aspen, thus indicating that the greater than
expected growth is due to the exposure to ELF fields.
For northern red oak and paper birch, there was no
pattern of growth differences from the expected values
which was related to magnetic flux density exposure lev-
els. For red pine, although the average residuals show
that the predicted height growth was greater than the
observed height growth, the same trend found in the
aspen residuals was evident here as well. The larger resid-
uals at exposure levels of 1.5 to 3.5 mG indicate greater
than expected growth (0.05 < P < 0.10) compared to
the growth at low (<0.5 mG) and high magnetic flux
density exposure levels (> 8.5 mG). This trend of greater
growth was not apparent at the control site. Similar
“window effects” (patterns of growth alterations at
varying exposure levels) have been shown for other
plants in controfled experiments as seen in Fig. 2 (Krizaj
and Valencic 1989; Wiewiorka 1990; Wiewiorka and
Sarosiek 1987). In each case, there was a lower thresh-
hold of response, a stimulation of growth, and a gradual-
ly decreasing effect at higher exposure levels

To quantify the response to the electromagnetic fields,
the following equation representing a modification of
change point analysis (Esterby and El-Shaarawi 1981)
was fitted for each species:

(1R =% *+B1 Rert & mGy <!y, mGy>1
(1a)
[I]R,ﬁk=ao+ﬁl Rex+7vo+7: MG
+y, mGy™ !+ 1, <mGu <t (1b)

where R, is the residual (observed minus expected
growth) from the ith tree at the antenna site in the kth
year, R is the average residual from the same species
at the control site for the kth year, mGy, is the interpolat-
ed magnetic flux density exposure level for the ith tree
in the kth year, and 1, and (, are the lower and upper
threshholds of the effect, respectively. The threshholds
were constrained as follows:

2} ty=[—70+ (7o? "4?1?2)”2]/2?\ (2a)
[2] '2=["70"(702—'4)’1')’2)”2]/2?1 (2b)

For a giver species, if no differences in growth exist
beiween the antenna and control sites, then a, and B,
should equal zero. A nonzero value of a, indicates an
inherent difference in productivity for a given species
between the two sites. A nonzero value of f#, indicates
that there is some environmental factor not identified
in the growth models which is affecting both sites. In
this case. ff, should be approximately equal to one. If
there is no response to the electromagnetic fields. after
accounting for the other factors. then 7. 71~ and 72
should all equal zero. Nonzero values of these parame-
ters indicate an effect of the electromagnetic fields on
tree growth. For aspen, red maple. and red pine. Yo,
7.. and 7, were all different from zero (Table 3), indicat-
ing an electromagnetic field effect on tree growth. The
peak response occurred at 2.4. 3.2, and 2.2 mG for as-
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Fig. 2. The effect of EM fields on (a) tomato yields (Wiewiorka
1990), (b} liverwort biomass (Wiewiorka and Sarosiek 1987), and

(c) Lepidum sativum (Krizaj and Valencic 1989)

pen, red maple, and red pine, respectively. The lower
threshhold was about 1 mG and the upper threshhold
was ca. 6-7 mG for all species. For aspen, the maximum

response was 0.14 cm and for red maple 0.08 cm,

in-

creases of 48% and 74% respectively, over the average
diameter growth of the trees since 1984. For comparison,
these findings are of similar magnitude to the responses

obtained in nutrient fertilization experiments in aspen

(Van Cleve 1973).

Though the units used to measure exposure differ
in different experiments and different plant species seem

1o respond to different exposure levels, the response p

at-
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Table 3. Estimated coefficients and their . , 1, .*
asymptotic standard errors for equations Species 2 Yo N V2 ! z
fa and 1b for cach species Northern red oak  —0.115% 1058  0.162*  2E-9* 0005 = - -
(0.195)  (0.051) (0.180) (0.002) (0.001)
Paper birch —0.059 1.131 3.549* —0.635* —4.590* - -
(0.008)  (0.063) (2.343) (0.471) (2.901)
Aspen 0.021 0.178*  0.382 -0.050 —0.290 085 6.79
(0.010)  (0.134) (0.102) (0.017) (0.103)
Red maple -0.032 1.331 0.469 -0.060 —-0.635 1.73 6.08
(0.006) (0.114) (0.101) (0.014) (0.141)
Red pine —~0.144* 1.107 1.959 —-0.262 —1.208 0.68 6.80
(0.145)  (0.085) (0.337) (0.070) (0.450) .

* The asymptotic standard errors are undefined for ¢, and r, due to the constraints in
the estimation process; the threshholds were not calculated if yo, 7,, OF y2 Were not asymptot-

ically different from zero (x= 0.05)
*The estimated coefficient is not asymptotically different from zero (x=0.05)

terns in Figs. 1 and 2 are clearly similar. The results
of controlled experiments of EM exposures may be criti-
cized as being artifacts of the experimental procedure
and the results of field studies may be criticized as being
inconclusive and not able absolutely to rule out compet-
ing explanations. However when both field studies and
controlled experiments indicate similar results, the cau-
sality criteria (Moesteller and Tukey 1977) of (1) the
responsiveness of the experimental subjects to the treat-
ment. and (2) the consistency of response, are satisfied.
This provides strong evidence of a cause and effect rela-
tionship between the stimulus (EM fields) and the re-
sponse (plant growth stimulation). "

The cellular mechanisms involved in mediating this
response (the third causality criterion) are unknown. A
recent review article (Grundler et al. 1992) identifies
three possible mechanisms of nonionizing EM field ef-
fects on cellular systems: (a) spin-mediated electromag-
netic effects on chemical processes, (b) influence of weak
external fields on periodic processes in a nonlinear dy-
namic mode, and (c) biological signal transduction and
amplification. Trembling aspen, due to its extreme genet-
ic variability, clonal method of reproduction, and the
ease with which it is propogated and grown under con-
trolled conditions, provides the ideal experimental mate-
rial for investigating such effects; the results of this study
provide an indication of exposure levels where such ef-
fects may be expected to occur.

A bady of evidence is accumulating to suggest that
at least some plants do respond to EM fields and that
this response may be of the same order of magnitude
as responses to other environmental perturbations. such
as fertilization. It seems prudent for investigators utiliz-
ing electronic equipment, such as growth chambers or
open-lop chambers, in controlled experiments 1o at least
monitor the magnitude of the EM fields generated by
the experimental equipment. Similarly, field experiments
which are in or near utility rights-of-way or other trans-
mission corridors, or which utilize electronic equipment,
e.g. heating or lighting of plots, may also be confounded
by EM fields to an unknown degree.

Conclusion

The effects of ELF electromagnetic fields were examined
by determining if the differences between the observed
and expected growth values (diameter or height depend-
ing on the tree species) were related to the exposure
levels of magnetic flux density. The results are consistent
with a stimulation of aspen and red maple diameter
growth and red pine height growth at magnetic flux den-
sity levels of 1 to 7mG. There was no clear indication
of an EM effect on diameter growth at these exposure
levels for the other two hardwood species (northern red
oak and paper birch). These results are similar to those ob-
tained in controlled experiments for other plant species,
though the response occurs at different exposure levels.
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ABSTRACT

Jones, E.A., Reed, D.D., Cattelino, P.J. and Mroz, G.D., 1991. Seasonal shoot growth of planted red
pine predicted from air temperature degree days and soil water potential. For. Ecol. Manage., 46:
201-214.

On-site climatic measurements were used to model red pine ( Pinus resinosa Ait.) shoot elongation.
Three study sites cach consisting of three 0.2-ha plots were cleared and planted with red pine. Shoot
growth was measured weekly for 2 years. Incremental seasonal growth of the leading shoot was esti-
mated using a difference form of a modified Chapman-Richards growth function. Weekly growth was
estimated as a function of air temperature degree days (4.4°C basis), soil water potential, and total

expected seasonal growth. An example using the model compares varying site and climatic conditions
and their effect on the pattern of seedling height growth during the growing season as well as their
effect on the total amount of height growth realized at the end of the growing season.

INTRODUCTION

The timing or pattern of growth of a species is important to forest managers
when considering silvicultural treatments. Perala (1985) cited the impor-
tance of timing of shoot growth for such silvicultural treatments as insect sur-
veys, foliar application of herbicides, and the pruning and shearing of Christ-
mas trees. To describe the phenology of shoot elongation on red pine (Pinus
resinosa Ait. ), Perala (1985) found that climatic conditions were more use-
ful predictors than calendar date. Using regional climatic information to cal-
culate air temperature degree days, he explained much of the variation in the
timing and amount of shoot elongation among sites. He speculated that much
of the unexplained variation may be due to other climate-dependent factors
such as soil moisture content or differences in microclimate between his red

© 1991 Eisevier Science Publishers B.V. Alirights reserved 0378-1127/91/303.50
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pine measurement plots and weather stations. To refine the understanding of
the relative contributions of temperature and soil moisture in describing shoot
elongation, this paper focuses on a growth model that was developed using
site-specific, rather than regional, measures of both air temperature and soil
water potential.

METHODS
Site description

Data were taken from three young red pine plantations located in the cen-
tral Upper Peninsula of Michigan. Site 1 is in Iron County (46°20'N,
88°10'W). Sites 2 and 3 are both in Marquette County (46°20°N, 88°10'W).
Before clearcutting, all three sites supported primarily undisturbed second-
growth northern hardwood vegetation and were classified in the Acer-Quer-
cus-Vaccinium habitat type (Coffman et al., 1983). All three sites are within
the same regional ecosystem, suggesting comparable climate as well as geol-
ogy (Iron District, Crystal Falls Subdistrict; Albert et al., 1986). The sites are
subject to the climatic influences of the Great Lakes and havea short growing
season of 87 days. The soils, though morphologically similar in surface hori-
zons, were classified differently. Site 1 is an Alfic Haplorthod, sandy, mixed,
frigid; site 2 is an Entic Haplorthod, sandy, mixed, frigid; and site 3 isa Typic
Dystrocept, sandy, mixed, frigid (US Dep. Agric. Soil Conservation Service,
1975). Although they are classified differently, previous studies have indi-
cated similar overstory productivity on these soil types (Shetron, 1972).

Tree measurements

In June 1984 the study sites were cleared of existing vegetation by whole-
tree harvesting. Three permanent measurement plots (46 mx46 m) were
then established at each site. These areas were immediately planted (3-0 red
pine seedlings from a local seed source and obtained from the USDA Forest
Service Toumey Nursery in Watersmeet, MI) on a 1 mX 1 m spacing. One
hundred of the red pine seedlings were randomly selected from each plot and
permanently marked for measurements. Weekly shoot measurements were
made to the nearest | mm on each of the marked red pine seedlings. Measure-
ments were made from the meristematic tip or the tip of the new terminal
bud to the center of the whorl of lateral branches beneath the bud. These
weekly measurements began in mid-April while shoots were still dormant and
continued until mid-July when shoot elongation was completed. Only the 1986
and 1987 growing seasons are included in this study because respective cli-

_matic data for the 1985 season are unavailable. In 1986, there were 14 weeks

of shoot growth measurements and in 1987 there were 18 weeks of shoot
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TABLE |

Average stand characieristics for the red pine plantations on the three sites during the 1986 and 1987
growing scasons

Site 1 Site 2 Site 3
Average total height (cm) 28.33 23.92 22.73
at beginning of 1986
Average weekly incremental 1.81 1.23 1.17
shoot growth (cm) for 1986
Average weekly incremental 1.97 1.49 1.66
shoot growth (cm) for 1987
Average seasonal shoot 23.35 17.53 16.32
growth (cm) for 1986
Average seasonal shoot 35.21 26.55 29.48
growth (cm) for 1987
Average accumnulated degree 1021.53 998.23 953.73
days for 1986
Average accumulated degree 1379.63 1288.67 1262.37
days for 1987

growth measurements. Seasonal shoot growth averaged from 16.3 to 35.2cm
over these 2 years (Table 1).

Ambient measurements

A Handar 540A® ambient monitoring platform was located in a cleared area
at each of the three study areas. Each ambient monitoring platform contained
sensors to measure precipitation, air temperature, relative humidity, and so-
lar radiation. The three plots within each site were equipped with thermistor
resistance sensors to measure air temperature at 2 m above the ground. They
were also equipped with thermistor resistance sensors for soil temperature
and 0-5 V differential floating sensors for soil moisture at depths of 5 cm and
10 cm. Three-hour averages were calculated for each variable, transmitted,
and recovered via the GEOS East satellite and telephone lines each night.
From these data, cumulative air temperature degree days were calculated on
a2 4.4°C basis (40°F), which is a common temperature for shoot growth stud-
ies (Perala, 1985). This heat unit approach has been in use for some time to
explain plant and temperature relationships (Wang, 1960). The calculation

is as follows:
ATDD=(ZADT-44)
where the summation is on a weekly basis, and ATDD is air temperature de-

sBrand names and trademarks are given for information purposes only; no recommendation or
endorsement is intended or implied.
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gree days and ADT is average daily air temperature. These daily values were
summed to coincide with the weekly shoot growth measurements. Average
accumulated degree day totals for each growing season at each site are found
in Table 1. ;

Soil water potential was determined to estimate moisture stress (Richards,
1965). Although soil moisture content gives a measurement of the amount of
water contained in the soil, it does not reflect the degree to which plants can
utilize this water. The potential determines to a large extent the availability
of water to plants. Using methodology described by Richards ( 1965), curves
were developed that relate soil water potential to the moisture content for
each plot. Soil water potential values (—MPa) were estimated using these
curves and daily field soil moisture content; they were averaged over 7 days
to correspond to the weekly shoot growth measurements. Average seasonal
values for each site are found in Table 1.

Growth model

The amount of shoot growth expected in a given week is estimated using a
difference form of a modified Chapman-Richards growth function (Pienaar
and Turnbull, 1973) and the cumulative air temperature degree days at the
beginning and the end of the week. Soil temperature degree days at depths of
5 and 10 cm were considered, but preliminary screening showed that air tem-
perature degree days (on a 4.4°C basis) explained more of the variation be-
tween sites. A negative exponential component modifies the expected growth
based on soil water potential (Zahner, 1968 ). Moisture was assumed possibly
to be limiting if soil water potential levels were above 0.101 —MPa (1 atm ).
Above this point there is no free water in the soil. Soil water potential was
estimated at depths of 5 and 10 cm based on soil moisture content measure-
ments at these depths. The model incorporating soil water potential at the 10
cm depth explained more of the variation (higher R? and lower mean square
error) in height growth than the model incorporating soil water potential at
the 5 cm depth.

The model performs dynamically through the differential accumulations of
air temperature degree days and is modified by soil water potential. The form
of the model is as follows:

g={[1 -exP(—b‘IATZI) ]bz"“—eXP( -blATu)]bz}
(G){exp[bs(M,=0.101) ]} (1)

where g, is the amount of shoot growth (0.1 cm) occurring in week f, G is the
expected total shoot growth (0.1 cm) in the growing season (this may be
estimated from site index curves), AT, is the cumulative air temperature de-
gree days (4.4°C) to the beginning of week ¢, AT, is the cumulative air tem-
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perature degree days ( 4.4°C) to the end of week ¢, M, is the average soil water
potential for week ¢ (if actual soil water potential is less than 0.101 —=MPa, M
was set t0 0.101 — MPa for model development), b, and b, are estimated coef-
ficients for the air temperature degree days component, and b, is the esti-
mated coefficient for the moisture stress component.

Data were fitted by nonlinear regression using the SAS subroutine NLIN
(SAS Institute, 1985) to a full model containing the moisture stress compo-
nent as well as a reduced model composed only of accumulated air tempera-
ture degree days. This procedure was carried out for each growing season on
each site. Significant differences (P< 0.05) were assumed between sites or
years if asymptotic 95% confidence intervals for respective coefficients did

not overlap.
RESULTS AND DISCUSSION

The reduced growth model containing only the air temperature degree days
component was fitted to data from each site during each study year. Signifi-
~ cant differences (P<0.05) between study years were found for estimates of
b, for each of the three study sites. To account for these yearly differences, the
data were then fitted to the full growth model containing the soil water poten-
tial component. On sites 2 and 3 in 1987, however, average soil water poten-
tial never exceeded 0.101 — MPa. For this reason, the model was not fitted to
data from these two sites during that year. Results from these analyses indi-
cate significant differences (P< 0.05) among sites and years for both b, and
b,. Estimates of b5, the coefficient of the soil water potential component, were
significantly different from zero in all cases, indicating its usefulness in the
overall growth model.

Red pine has deterministic growth, thus the amount of growth in a given
growing season is in part determined by the size of the terminal bud which is
formed during the preceding year (Olofinboba and Kozlowski, 1973). The
high R? (0.89) showed that shoot growth is not solely dependent on bud size
and that the current year’s weather is also very important.

Perala (1985) contended that the duration of shoot growth varies with
amount of total seasonal growth. Thus, as total shoot growth increases, the
duration of growth also increases. This concept affects the interpretation of
the coefficients b, and b, in the growth model and could account for the site
and year differences found in the b, estimates. These two coefficients were
rewritten as follows:

b,'=b,';Gb" (2)

where b, may either be b, or b,. The parameters b;, and b, are now used to

estimate b, or b,. The effect of seasonal shoot growth on the coefficient b, was
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DATE (MID-POINT OF EACH MEASUREMENT WEEK)

Fig. 1. Soil water potential (~MPa) at 10 cm for () site 1, (b) site 2, and (c) site 3.

found to be highly significant, but not on the coefficient b,. Using these re-
sults, the model form was rewritten as follows:

g ={[1—-exp(—=b,A4Ty,) 1221662 _ [ 1 —exp(—=b,AT\,) JenGba)
(G){exp[b3(M,-0.101)]} (3)

where b, has been redefined as b, =b,,G** and all other variables are as pre-
viously defined. Fitting this new model to data for each site within each study
year eliminated yearly differences in the coefficient estimates at each site.
With yearly differences accounted for, study years were combined and
coefficient estimates for each study site were examined. Estimates of b,, the
coefficient associated with soil water potential were significantly different from
zero (P<0.05) for sites 1 and 3. At site 2 this was not the case. Low soil
moisture is a relatively infrequent occurrence at the study sites except possi-
bly during the month of July (Albert et al, 1986). During the 1987 red pine
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Fig 1. Continued.

growing scason, average weckly soil water potential never exceeded
0.101 — MPa at either site 2 or site 3; site 1 had several weeks where average
soil water potential was above 0.101 —MPa (Figs. 1(a), (b),and (c).In 1987,
site 2 again had adequate soil moisture (1 week had an average above
0.101 —MPa). This fact could account for the coefficient not being signifi-
cantly different from zero (P<0.05) at this site. The significance of b, at the
other two sites indicates the importance of this component to the overall
model.

When study years were combined, there was one significant difference
(P<0.05) in the coefficient estimates among sites. The estimate of b,, at site
1 was slightly different (asymptotic 95% confidence intervals do not overlap,
but 99% confidence intervals do) from the respective estimates at sites 2 and
3. Nevertheless, based on these results, we concluded that there was sufficient
justification for combining the study sites for a single set of coefficient esti-

_mates (Table 2) for the final growth model (Eqn. (3)). Predicted and ob-
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Fig. 1. Continued.

TABLE 2

Summary statistics for the final model] with sites and study years combined

CoefTicient estimate Asymptotic 95% confidence
interval
b, 0.0069 (0.0068, 0.0070)
by 1.7595 (1.5262, 1.9928)
b2z 0.4024 (0.3633,0.4413)
by ~1.7601 (-2.11!9.-1.4083)

% variation explained: 88.6%

served average shoot growth are given for cach of the three sites in Figs. 2(2a)-
(c). The differences in observed vs. predicted shoot growth carly in the grow-
ing season can be attributed to bud swell before elongation. By the middie of
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40

1986

tion (cm)

tive Shoot EX

Fig. 2. Predicted and observed average red pine shoot growth (cm) for (a) site 1, (b) site 2,
and (c) site 3, where observed average shoot growths are denoted by single points and predicted

average shoot growth are denoted by lines.

the growing season, especially in 1987, few differences exist between the ob-

~ served and predicted averages. .

Predicted height growth

Using this model, a series of site and weather conditions were used to sim-
ulate and compare the predicted pattern of seedling height growth during the
growing season as well as the total amount of seedling height growth realized
at the end of the season. Eight comparisons were made utilizing the range of
conditions observed on the study sites. A high-quality site (simulated by set-
ting potential growth to be 30 cm) and a low-quality site (simulated by set-
ting potential growth to be 15 cm) were compared under the following
conditions:

(1) hot growing season ( 1400 degree days accumulated by the end of the
growing season);

(2) cold growing season (900 degree days accumulated by the end of the
growing season);
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(v)

1987

1988

Fig. 2. Continued.

(3) wet growing season (soil water potential 0.101 — MPA or lower);

(4) dry growing season (soil water potential of 0.55—MPA for the weeks
in June and July, 0.101 —MPA or less for all other weeks).
The pattern or timing of height growth was similar for both high- and low-
quality sites. Height growth started and ended earlier during a hot growing
season than during a cold growing season. There was generally a 2-3 week lag
in the timing of height growth during 2 cold vs. a hot growing season, where
height growth started and ended sooner during a hot year. At cither site dur-
ing a hot growing season, height growth during a dry year generally ended half
a week earlier than during a wet year (Table 3). The greatest amount of height
growth was achieved on the high-quality site, regardless of the climatic con-
ditions. There was little difference in the total height growth at cither site
during a wet growing season. The greatest reduction in total height growth
occurred when the growing season was both cold and dry (Table 3), when
height growth was reduced by up to 50%. Figures 3(a) and (b) depict the
height growth pattern for each of the simulated weather conditions on the two
sites.
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Fig. 2. Continued.

TABLE3

Results from simulations using the shoot growth model with varying temperature and moisture re-
gimes at the high- and low-quality sites*

No. of weeks to achieve approximately Total amount
of growth
50% growta 90% growth (cm)
High-quality site
Hot, wet® 7 10 29.99
Hot, dry® 6-7 9 21.16
Cold, wet® 10 14 29.64
Cold, dry® 10 14 15.84
Poor-quality site
Hot, wet 7 10 14.99
Hot, dry 6-7 9 11.36
Cold, wet 9 13 14.86
Cold, dry ’ 9 13 8.57

A high-quhtysimhnsnpamialmth (&) of 30 cm and 3 iow-guality site hasa Gof1Scm.
. *The temperature regimes simulated include hot (1400 degree days accumulated) and cold (900 de-
gree days accumuiated) and the moisture regimes simulated include wet (soil water potential
0.101 —MPA or less) and dry (soil water potential 0.55—MPa for weeks in June and July, 0.101 —=MPa
or less for all other weeks).
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Fig. 3. Predicted shoot growth on (a) high-quality site (potential growth of 30 cm) and (b)
low-quality site (potential growth of 15 cm) for simulated combinations of temperature ( 1400
(hot) vs. 900 (cold) total degree day accumulations) and moisture (soil water potential
0.101 —MPa or less (wet) for ail weeks vs. soil water potential of 0.55—-MPa (dry) for weeks
in June and July and 0.101 —MPa or less all other weeks). —_
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SUMMARY AND CONCLUSIONS

Earlier work by Perala ( 1985) used air temperature degree days to predict
red pine shoot growth with data collected from local weather stations. This
study used site-specific data, with similar results. Cumulative air temperature
degree days was the dominant factor in predicting the amount of shoot growth
of red pine at any point in time during the growing season. However, differ-
ences among study sites and between study years were found. By redefining
one coefficient in terms of total seasonal growth to account for the relation-
ship of duration of shoot growth to total seasonal growth and by adding soil
water potential to the model, these differences were eliminated. This allowed
the development of a single set of coefficient estimates for a red pine shoot
growth model (Eqn. (3)).

An example comparing various site and weather conditions and their effect
on the pattern and the amount of seedling height growth during the growing
season found that high-quality sites yielded the greater amounts of total growth
regardless of the weather conditions, and for any site, a hot and wet growing
season yielded the greatest amount of total height growth. The timing or pat-
tern of growth during the growing season was affected by varying weather
conditions. For any given site, during a hot, dry year, growth ends earlier than
with any other set of conditions. During a cold year, growth ends later than
during warm years. This example provides a general illustration of the model
predictions; with this model a manager has a means of determining when and
how much shoot growth occurs during the growing season, thus allowing for
improved management planning.
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ABSTRACT

Reed. D.D., Jones. E.A.. Holmes. M.J. and Fuller. L.G., 1992. Modeling diameter growth in local
populations: a case study involving four North American deciduous species. For. Ecol. Manage..

54:95-114.

Many existing models representing the growth of forest overstory species as a function of environ-
mental conditions make a number of assumptions which are inappropriate when applied to local
poputauons. For exampie, maximum tree diameter and height are often assumed to be constant lim-
inng factors for a given species even though growth functions can often be localized by utilizing infor-
mation in the forest growth and yield literature to make site-specific estimates of these values. Most
existing models also use an annuai umestep which may be inappropriate when attempting to model
the growth response of individual trees to environmental conditions. In this study, a model utilizing
a weekly timestep is described and applied to four widespread North American deciduous tree spe-
cies. Because response to environmental conditions can vary regionally as a result of genetic hetero-
geneity, the resulting model should not be considered as universally appropriate for these species. This
study illustrates methods which can be utilized to develop models for application to local populations.

A number of recent studies have utilized information from forest growth
models and existing forest monitoring data to investigate the effects of envi-
ronmental stresses on forest productivity. Examples include the work by Hol-
daway (1987) investigating the regional effects of acidic deposition on for-
ests in the northcentral USA, and work by Botkin et al. (1989) projecting the
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possible effects of climate change on the forests of Michigan. These and sim-
ilar studies utilize growth models to study the effects of an imposed environ-
mental factor against a background of natural variability in climate and other
factors.

There are a number of existing models which attempt to describe annual
diameter growth as a function of tree and stand characteristics while account-
ing for the effect of site physical, chemical, and climatic properties. Diameter
growth functions of the JABOWA (Botkin etal.,, 1972) and FORET (Shugart
and West, 1977) models and models of the type described by Reed (1980)
and Shugart (1984) are examples. There have been a number of models de-
veloped recently but many of these utilize the growth functions based on the
methods presented in these earlier papers. In any case, most models are based
on certain species-specific characteristics (such as maximum observed di-
ameter and height) and observations relating site physical, chemical, and cli-
matic conditions to species productivity (such as the climatic conditions at
the limits of the species’ geographic range).

Productivity here is defined as annual aboveground overstory biomass ac-
cumulation. While monitoring of actual biomass production over time is not
feasible in field situations, it is relatively easy to accurately and precisely mea-
sure cambial development. There is a strong relationship between a tree’s di-
ameter at breast height and total tree biomass (Crow, 1978). Furthermore,
cambial activity is strongly related to climatic variation. competition from
neighboring trees, and site physical and chemical properties (Spurr and
Barnes, 1980; Smith, 1986). For these reasons, diameter increment was cho-
sen as the response variable representing biomass increment.

The diameter growth functions of the JABOWA and FORET models were
tested by Fuller et al. (1987) on the two study sites described below and found
to perform poorly when compared to actual field measurements. For all spe-
cies on the sites, the models proved to be poorer predictors of individual tree
diameter increment than simply using the mean diameter growth of the stands.
Desanker and Reed (1993) extended these comparisons over a total of seven
growing seasons and also included the growth functions from the STEMS
(Belcheret al., 1982) and FOREST (Ek and Moaserud, 1974) growth models.
Average differences of at least 200% berween observed and predicted diame-
ter increments were observed for each of the models for at least | year, with
some differences as high as 3000%. Clearly, such errors are unacceptable when
attempting to evaluate the effects of forest stress factors which may impact
growth by less than 100%. Desanker and Reed (1993) conclude that forest
growth models can not simply be taken off the shelf and applied to any site
(even within the geographic range of the models ) without somehow adjusting
for local site conditions.

There are several reasons for the inaccuracy of the predictions made by
these models. An annual timestep may not be adequate when attempting to
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quantify the effects of environmental stress on forest productivity. Charles-
Edwards et al. (1986) indicate that the amount of time for individual plant
growth processes 10 stabilize following a pertubation in the nutrient status of
the rooting environment is on the order of 10° s (a few days) and the recovery
time of a natural system on the order of 10° s (many years). It is illogical to
use a timestep which is longer than the recovery time of the system of interest,
whether that system is an individual plant or plant community. It is also
counterproductive to use 2 timestep that is many orders of magnitude less
than the recovery time of the system of interest. Since the interest here in-
volves individual plants and their response to competition from neighboring
plants as well as environmental factors, an intermediate timestep of 1 week
was utilized in developing a diameter growth model of the type described by
Reed (1980).

Models of the type described above may also perform poorly on specific
sites because the species attributes they utilize are not applicable across the
entire geographic range of a species. The maximum expected diameter and
height for a species is dependent on genotype and site conditions and is not
constant over the entire range of the species. There is a great amount of infor-
mation in the forest growth and yield literature relating tree growth and de-
velopment to site quality class or site index which can be utilized to make
forest growth models more site specific.

A diameter growth model using site-specific species attributes and ob-
served relationships between diameter growth, competition, and site physi-
cal, chemical, and climatic properties is presented below for two study sites
in Upper Michigan. The purpose is to develop a model which can be used to
estimate the effects of an imposed environmental factor againsta background
of natural environmental variability in a local population. The relationships
given here reflect the genotypes and environmental conditions on the study
sites and can not be expected to extend over the entire geographic ranges of
these species. The methodology for identifying and quantifying these rela-
tionships is applicable to other study sites and species.

METHODS
Site description

The two study sites are located in the central Upper Peninsula of Michigan.
Site | isat 46°10’'N, 88° 30’ W and Site 2 is at 46°20'N, 88°10°W. Both sites
have relatively undisturbed second growth deciduous vegetation consisting
principally of red maple (Acer rubrum, L.) and northern red oak (Quercus
rubra, L.) with minor components of quaking aspen (Populus tremuloides,
Michx.), bigtooth aspen ( Populus grandidentata, Michx. ), and paper birch
‘(Betula papyrifera, Marsh. ). The sites are both characterized as the Acer-
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Quercus-Vaccinium habitat type (Coffman et al.. 1983). The soil at Site 1 1s
classified as an alfic haplorthod. sandy, mixed, frigid; the soil at Site 2 is class-
ified as an entic haplorthod, sandy, mixed. frigid (USDA Soil Conservation
Service. 1975). Past studies have documented similar northern deciduous
forest productivity on these two soil types (Shetron, 1972). Both sites are
within the same regional ecosystem (Iron District, Crystal Falls Subdistrict
(Albert et al., 1986). The study sites are typical of forests on well-drained
sandy soils of the region.

Field measurements

Measurement of radial increment was accomplished using a band dendro-
meter as described by Cattelino et al. (1986). The dendrometer bands were
read weekly to the nearest 0.008 cm of diameter. Dendrometer bands of this
type have the ability to measure diurnal shrinking and swelling of the tree
bole which introduces some variability into the measurements. By standard-
izing the day of the week and approximate time of day to make measure-
ments, and by following individual trees over a number of years, the negative
effects of this measurement variability are minimized while the positive ef-
fects of being able to detect growth pattern across the season are maximized.
Readings began in early April and continued through the growing season until
over 50% of leaf fall had taken place. There were 274 trees banded on Site 1
and 197 trees banded on Site 2 prior to the 1985 growing season. Weekly
measurements were made over the 1985, 1986, 1987, and 1988 growing sea-
sons. Locations of the individual trees were mapped on a Cartesian coordi-
nate system with a 0.1 m resolution (Reed et al., 1989). Stand conditions at
the beginning of the modeling efforts ( 1986) are given in Table 1.

The second category of field measurements include climate and soil prop-
erties which may affect plant growth processes. Each study site was equipped
with a remote data collection platform located in a cleared area adjacent to
the site. The main data collection piatform contained sensors measuring pre-
cipitation, air temperature, relative humidity, and solar radiation; each of three
30 m X 35 m plots at each site contained sensors measuring air temperature,
soil temperature, and soil moisture content at 5 and 10 cm depths. Sensors
were queried every 30 min and computed into 3 h mean values by the plat-
form microprocessor. Precipitation data are logged once every 3 h. Data were
retrieved eight times daily via NOAA satellite transmissions. These daily cli-
matologic and soil data were then summarized into weekly averages to coin-
cide with the dendrometer band readings for analysis. Physical descriptions
of each pedogenic soil horizon were made at the beginning of the study. The
upper | 5 cm of mineral soil were sampled monthiy during the growing season
for determination of nutnient levels. '
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TABLE |

Stand characteristics at the beginning of the study (1986)

Species Average Average Average basal Density Site index Age
diameter height  area (stemsha~') (m @ 50 years) (years)
(cm) (m) (m?ha=")

Site 1

Northern red oak  20.82 22.24 20.00 556 22 52

Paper birch 16.30 20.63 2,92 127 18 54

Aspen 22.82 23.51 333 79 20 55

Red maple 11.85 16.31 0.52 48 18 45

Site 2

Northern red oak  22.69 17.62 6.57 143 21 47

Paper birch 20.42 19.62 0.86 25 20 55

Aspen 25.37 20.27 2.43 48 21 50

Red maple 15.23 16.43 7.78 410 17 42

GROWTH MODEL FORMULATION

The basic growth model formulation follows the conceptual model de-
scribed by Botkin et al. ( 1972) and Reed (1980). In the model, the diameter
growth during a given week, d,, is represented as a function of tree, stand,
climate, and site physical and chemical factors. These factors are incorpo-
rated in four model components: (1) annual potential growth (PG); (2) the
adjustment of annual potential growth to account for intertree competition
(IC); (3) the adjustment of annual potential growth to account for site phys-
ical, chemical, and annual climatic properties (SPC); (4) the seasonal growth
pattern and further adjustment of annual potential growth to account for
weekly climatic factors (SGP,).

Each of the last three components is expressed as a proportion of the annual
potential growth and the weekly diameter growth is expressed as the product
of the four components

d, =PGXICxXSPCXSGP, (1

Annual potential growth

In the above formulation, annual potential growth is defined as the amount
of diameter growth that a tree could achieve if no environmental variables
limit growth. Fuller (1986) identified the model form given by Botkin et al.
{1972) for use on these study sites. A stightly modified form of this model is
used to represeat potential growth (PG) on the study sites
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GD( 1 —D/Dmax)
P(3—274+ 3b,D—4b;D*

where D is tree diameter at breast height (DBH: cm), Dmax is the maximum
observed tree diameter for a species (cm), and G, b,, and b; are species-spe-
cific constants. Botkin et al. (1972) included height and the species’ maxi-
mum height (both in centimeters) in their model formulation; because of the
difficulty in precisely measuring height and annual height growth in mature
deciduous individuals, these variables were not directly.included in the model
formulation in this study. To insure logical predictions are obtained when D
is near Dpax (t0 insure that PG=0 when D=Dp,, and H = Hax ), Botkin et
al. (1972) imposed the following constraints on b, and b,

(2)

b2=2(Hmnx"137)/Dmnx (3)
b3=(Hmnx—l37)/Dmu2 (4)
These constraints were imposed on b, and b5 in this study as well to retain the
logical behavior of PG.

Fuller (1986) and Desanker and Reed (1993) found that the model with
the values of the coefficients given by Botkin et al. ( 1972) performed poorly
on the study sites and required re-estimation. As discussed by Botkin et al.
(1972), Reed et al. ( 1990), and Desanker and Reed (1993), this is at least
partly because Hmax and Dm.x are site specific. Ek et al. ( 1984) gave an
expression relating total tree height to DBH, site index, and stand basal area
for each of the four species in this study. By using the observed site indices
from the study plots and assuming an asymptotic stand basal area, the equa-
tions given by Ek et al. (1984) were utilized to estimate Dpax and Hpax fOr
the study plots. An asymptotic basal area of 32 m? ha~' was chosen; basal
areas exceeding this in mixed species stands of this type are possible on small
plots, but very rare on the stand level. The final estimates Of Dpmax a0d Hmax
are not sensitive to small changes in the selected asymptotic basal areas but
can change dramatically when unrealistically high or low asymptotic basal
areas are selected. Numerical procedures were used to solve the equations to
find the diameter which would lead to insignificant ( <0.01 m) height growth;
that diameter was taken as Dp,, for the site and the corresponding height was
taken as Ho.. The resulting estimates Of Doax and Hpax WeTE used to fix b,
and b, in the model as defined in the limiting relationships given above (Ta-
ble 2).

Botkin et al. (1972) set G to produce approximately two-thirds of the max-
imum diameter at one-half of the maximum age. In this study, G was statis-
tically estimated using non-linear regression techniques (Table 2). For paper
birch and aspen. asymptotic 99% confidence intervals around the estimated

values of G mciuded the values used by Botkin et al. (1972) and Shugart and -~
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West (1977) for these species. For red maple and northern red oak. this was
not the case. The value of G incorporates various proportional relationships
between total tree biomass increment, leaf area, and leaf biomass (Botkin et
al., 1972). Therefore, it is not surprising that site-specific values may be re-
quired for some species.

Intertree competition

In the formulation of Botkin et al. (1972), and in following revisions by
Shugart and West (1977) and others, the effect of intertree competition on
diameter growth is represented in two ways. The first is through a model com-
ponent representing light availability, which is based on tree height, the height
of all other trees in the stand, and shade tolerance (two tolerance classes were
used ). The second is through a factor representing competition for moisture
and nutrients which is simply a ratio of basal area for the stand to maximum
stand basal area expected for the cover type.

On these study sites, Holmes (1988) did not find a significant (P> 0.05)
relationship between plot basal area and individual tree diameter growth. The
comparison of the height of an individual tree to all other trees on a plot was
also judged to be inappropriate, especially since these study plots measure 30
m X 35 m and contain trees which are not measurably affecting each other.

Holmes and Reed (1991) used map information from the study plots to
evaluate the performance of numerous individual tree competition indices
for each of the four species. The competition indices used here are not neces-
sarily those that were most highly correlated with individual tree diameter
growth but they do perform well in the modeling efforts, especially in the
combined model when other environmental factors are considered. A simple
competition index given by Lorimer (1983 ) performed well for northern red
oak, paper birch, and red maple. This index is given by

Cl, =Y (DBH,/DBH,) (5)

where CI; is the value of the competition index for the ith (subject) tree,
DBH, is the diameter of the subject tree, DBH, is the diameter of the jth com-
petitor, and the summation is over all trees within 7.62 m of the subject tree.
Holmes and Reed (1991) found that the relationship between Lorimer’s
competition index and diameter growth did not differ between sites or across
years (1985-1987) for northern red oak, paper birch, and red maple.

For aspen, the least shade tolerant of the four species in this study, the com-
petition index given by Bella (1971 ) proved to be highly related to observed
diameter growth. This index includes additional information regarding the
distance to neighboring trees

Cl, =} [(a;/4;)x (DBH,/DBH,)’] ) (6)
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where CI, ts the value of the competition index for the ith (subject) tree.
DBH, is the diameter of the subject tree. DBH, is the diameter of the jth com-
petitor. 4, is the area of the influence zone (as defined by the open grown
crown radius given by Ek (1974)) of the ith tree, and g, is the area of the
overlap of the influence zones of the ith tree and the jth competitor. As with
Lorimer’s index and the other three species, the relationship between Bella's
index and aspen diameter growth did not differ between sites Or across years
(1985-1987).

A negative exponential relationship was assumed between diameter growth
and increasing competition. In the diameter growth model, this is represented
by

IC=e—(axCI) (7)

where IC is the intertree competition component of the diameter growth
model, a is the coefficient to be estimated for each species, and Cl is the value
of the competition index for the respective tree. There were no significant
differences between sites in the estimated value of a (Table 2).

Site physical, chemical, and climatic factors

For environmental factors such as moisture, temperature, and soil nutrient
levels, there is expected to be a range of values where a species responds pos-
itively to increased amounts of the factor, a range of values where the factor
is adequate for the species and there is little response to increases or de-
creases, and a range of values where the species responds negatively to in-
creased amounts (Spurr and Barmes, 1980; Reed et al., 1990). Reed et al.
(1992) describe an intensive variable screening procedure that was used to
identify a set of environmental variables for each species which were corre-
lated. either positively or negatively, with diameter growth on the study sites.
These variables were selected to be as independent of each other as possible;
the environmental factors selected were used in an analysis of covariance and
accounted for significant differences in diameter growth between sites and
among years.

A component was added to the diameter growth model to represent the
effect of site physical, chemical, and climatic factors on growth. The environ-
mental factors were accounted for in the model! by a linear function con-
strained to produce the proportion of potential growth which might be
expected

- (DBH+CQ +C\X1 +C2X2 +C3X3)
- DBH

where SPC is the effect of physical, chemical, and climatic factors on diame-
ter growth and DBH is tree diameter. The particular environmental factors

SPC (8)
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(X.) and the associated constants (c,) are species specific. The factors iden-
tified in this study were total seasonal air temperature growing degree days
(April-September) on a 4.4°C basts for northern red oak, paper birch, and
aspen. and air temperature degree days through May for red maple. July soil
potassium concentration (p.p.m.) in the upper 15 cm of mineral soil for as-
pen and red maple, and soil water holding capacity (cm/cm ) at a depth of 5-
10 cm for red maple and at a depth of 10-30 cm for paper birch. The intercept
(¢o) was not significant (P> 0.05) for northern red oak and paper birch and
was removed from the model for these two species (Table 2).

Seasonal growth pattern and effect of weekly climatic conditions

Fuller et al. (1987) found that cumulative total air temperature degree days
(4.4°C basis) was the most significant environmental factor impacting the
timing of diameter growth for all four species on both sites. Reed et al. (1990)
modeled the proportion of annual growth expected in a given week using a
difference form of a modified Chapman-Richards growth function and the
cumulative air temperature degree days at the beginning and end of the week.
This requires the implicit assumption that each species will respond to tem-
perature up to a point and that further increases in degree days will not lead
to increased growth.

Increased air temperature leads to increased plant respiration and evapo-
ration which may result in decreased levels of soil moisture. The expected
growth, given the cumulative air temperature degree days, will not be achieved
if moisture is limiting. In the model, average soil water potential (—MPa) at
a depth of 5 cm is used to indicate the level of moisture stress. At a value of
water potential less than 0. 101 —MPa, water is freely available to plants and
is not assumed to be limiting. At potentials greater than 0.101 —MPa, mois-
ture may limit growth to some extent; plant response is assumed to be a sim-
ple exponential function of increasing soil water potential. If the observed
average soil water potential for a week is less than 0.101 —MPa, a value of
0.101 —MPa was used in the estimation procedure.

The model component representing weekly growth combines the effects of
cumulative air temperature degree days at the beginning (ATD,, ) and end
(ATD,,) of week ¢ and average soil water potential at 5 cm in week ¢ (SWP,)

SGP, = [e-(ATDn/dl Vi _ o= (ATDu/d) )dz] % [c—da(swh—o.xon] 9)

where SGP, is the proportion of potential total annual growth expected in
week 1. The coefficients d,, 4>, and d; are species-specific coefficients and are
estimated statistically using non-linear regression techniques (Table 2).

Combined model

The combined model, incorporating all four model components discussed
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above, was fitted to data from both sites for the 1986 and 1987 growing sea-
sons. This allowed the examination of site differences in the coefficients due
1o tree and climatic differences in the 1986 and 1987 growing seasons. There
were no differences in any coefficient by site so the data were combined to
estimate the coefficients for each species. Data from the 1988 growing season
were used for testing, but were not used in estimating the coefficients. Predic-
tions of total seasonal diameter growth were made for each tree and com-
pared with the observed growth values. A studentized test on the average re-
sidual found no evidence of bias in the combined model for any species except
for aspen (Table 3). In other words, the average residual was not different
from zero (P>0.10) for northern red oak, paper birch, and red maple. For
aspen, the average residual was different from zero (P=0.01), indicating a
significant underprediction of observed growth by the combined model. This
result is probably a consequence of a number of factors, including the small
sample size for aspen, the extreme genetic diversity found in aspen in the
Lake States. and the clonal growth of aspen (Fowells, 1965).

The standard error of the residuals in the estimation data is analogous to
the square root of the mean squared error in ordinary linear regression. The
standard error of the residuals in the estimation data set is less than the mea-
surement increment (0.008 cm) for all species except aspen (Table 3). This
implies that the model prediction is within the measurement precision for
those species and further improvement is unlikely.

The proportion of variation explained in total annual diameter growth

TABLE 3

Diameter growth model performance for each species when predicting total seasonal growth (sites
and years combined)

Species Proportion of Average Standard H,: ug=0
varnation residual error of H, ux»0
explained’ (cm) residuals

(cm)
Northern red oak 0.443 0.0128 0.0079 NS
(6.4%)
Paper birch 0.724 0.0037 0.0075 NS
(6.1%)
Aspen 0.286 0.0328 0.0105 P=0.01
(16.9%)
Red maple 0.512 0.0010 0.0041 NS
(1.0%)

'Proportion of variation explained is calculated as follows
S(Y,-E-3(Y,-1)?
E( Yl - Y)J.

where Y, is the observed growth for the ith tree: 7, is the predicted growth for the ith tree; Yis the
average growth for all trees of the same species as the ith tree.

PVE=
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(Table 3) is analogous 10 R? in linear regression, and for all four species is in
the range found by other studies in deciduous species (€.8. Harrison et al,,
1986 ). Further improvement in these values may not be possible at the study
sites because of the precision of the field measurements and the rates of ob-

served growth.
Residual analysis

The analysis of the model’s ability to predict growth is divided into two
components: total annual growth and seasonal pattern of growth. The pre-
dicted total annual growth is obtained by summing the weekly growth predic-
tions over the entire growing season. The predicted seasonal growth pattern
is determined by the cumulative growih to any given week during the growing
season.

Total annual growth

Annual residuals, by site, are given for each species in Table 4. These com-
parisons involve the sum of the predicted weekly diameter growth over a sea-
son compared with the total observed growth during the season. As men-
tioned previously, the data from 1986 and 1987 were used in model
estimation; the data from 1988 were not used in estimation. The 1988 com-
parisons between the observed and predicted values can, in some ways, be
interpreted as a test of the model under new conditions. While the same trees
measured in previous years are remeasured, the particular combination of
weather conditions in 1988 are unique. Thus, while not being an independent
test of the model, the 1988 comparisons can provide insight into model per-
formance under conditions other than those in the estimation data set.

As seen in Table 4, for northern red oak and paper birch, the studentized
95% confidence limits for each of the 3 years on both sites include zero, in-
dicating no significant deviation in growth from that predicted by the model.
For red maple, the studentized 95% confidence intervals for both sites in 1986
and 1987 include zero, indicating unbiased model predictions during the years
from which the estimation data were obtained. In 1988, there was a large
negative residual at each site, and the residuals were not different between
sites. This indicates that the model did not adequately represent the growing
conditions in 1988 and that some factor or combination of factors ledtoa
reduced average diameter growth rate for red maple which was not seen in
previous years but which was apparent at both sites.

In searching for differences in environmental factors between 1988 and
previous years, the major difference appears t0 be related to moisture. Aver-
age air temperature at 2 m above the ground and average precipitation are
not significantly different between years (Table 5), but relative humidity and
soil water potential at 5 cm were significantly different in 1988 than in pre-
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TABLE &

Performance of the diameter growth model in predicting total scasonal growth by site and year for
each species

Site Year Number of Average Standard Studentized 95%
observations residual error of confidence interval
(cm) residuals
(cm)
Northern red oak
t 1986 61 -0.0069 - 0.0103 -0.0275, 0.0137
1987 62 0.0135 0.0112 -0.0089. 0.0359
1988 62 -0.0178 0.0113 —0.0414, 0.0048
2 1986 20 0.0204 0.0251 -0.0321, 0.0776
1987 2 0.0797 0.0323 -0.0125. 0.1469
1988 23 0.0250 0.0202 -0.0169, 0.0669
Paper birch
1 1986 10 0.0047 0.0162 ~0.0139, 0.0413
1987 10 0.0007 0.0086 ~0.0188, 0.0202
1988 10 0.0270 0.0270 ~0.0200, 0.0740
2 1986 3 0.0191 0.0241 —-0.0846, 0.1228
' 1987 3 -0.0083 0.0153 -0.0711, 0.0605
1988 3 -0.0048 0.0207 -0.0939, 0.0843
Aspen
1 1986 30 0.0033 0.0222 0.0079, 0.0987
1987 29 0.0032 0.0133 -0.0240, 0.0304
1988 28 0.0533 0.0184 -0.0048, 0.0411
2 1986 11 0.0282 0.0193 -0.0143, 0.0707
1987 1t 0.0599 0.0227 0.0099, 0.1099
1988 10 0.1175 0.0175 0.0779, 0.1571
Red maple
1 1986 10 0.0307 0.0143 -0.0016, 0.0630
1987 10 0.0095 0.0129 -0.0197, 0.0387
1988 10 -~0.0852 0.0243 -0.1402, -0.0302
2 1986 70 -0.0019 0.0059 -0.0136, 0.0098
1987 80 0.0002 0.0064 ~0.0125, 0.0129
1988 84 -0.0771 0.0053 -0.0876, —0.0666

vious years. This indicates the possibility of increased moisture stress in 1988.
Red maple is a widespread tree species found on many types of sites; it is
characteristic of bottomland, swampy, and moist sites but it often occurs un-
der drier conditions (Fowells, 1965; Harlow and Harrar, 1969). Reduced
moisture availability on the study sites in 1988, as indicated by soil water
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TABLE S

Average April-October weather conditions on the two study sites

Vanable Site Year
1986 1987 1988
Air temperature
(°C2m 1 12.9 13.5 13.3
aboveground) 2 12.0 12.7 12.5

Soil temperature

(°C at 5 cm depth) t 11.7 12.3 .
2 11.2 11.8 11.2
Precipitation
(cm) i 36.6 53.4 447
2 34.2 56.1 53.1
Relative humidity
(%) | - 70.0 62.5
2 - 84.1 80.1
Soil moisture
(% at 5cm) 1 14.1 10.9 10.6
2 10.4 10.8 9.5

potential at 5 cm, could be the cause of the reduced growth compared with
previous years. This emphasizes the necessity of data collection over a longer
time period in order to fully evaluate the effect of climatic conditions on tree
growth.

Aspen is the only species for which there is a mixed response between the
two sites (Table 4). The residuals of total annual aspen diameter growth at
Site | have increased over the 3 year study period while they have remained
relatively constant at Site 2. Both sites are located adjacent to a cleared area
but the average distance from the edge to the individual aspen trees is roughly
equal for the two sites. In addition, there is no difference in crown position
between individuals at both sites; the aspen individuals in these mixed stands
all tend to be dominant or codominant individuals. There was also no signif-
icant difference in total leaf biomass produced at Site { between 1988 and
previous years. Taken together, these factors indicate that the aspen at Site 1
could not be responding to an increased light environment in 1988. There is
a greater red maple component at Site 1 than at Site 2, and the aspen could
be responding to reduced competition from red maple because of the reduc-
tion in red maple growth described above. If so, this is happening at Site !
and not at Site 2 and it is happening in the absence of increased light.

To summarize the total annual growth comparisons, the model performed
well for two species (northern red oak and paper birch) at both sites for all 3
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years. For one species (red maple ). the model did not perform well in 1988
at either site. It is possible that this is a result of decreased moisture availabil-
ity compared with previous years. These results emphasize the fact that each
year represents a unique combination of environmental conditions. and an
extended sampling period 1s needed to fully understand the relationships be-
tween tree productivity and climate. For the fourth species (aspen), there 1s
a divergence in model performance between the two sites. The cause of this is
not obvious at this time but there does not appear tobe 2 simple environmen-
1al or competitive explanation based on the available information from the
sites.

Seasonal growth pattern

Seasonal growth pattern is driven in the model by cumulative air tempera-
ture degree days and soil water potential on a weekly basis. Differences be-
tween estimated and observed seasonal growth patterns are examined using
the Kolmogorov-Smirnov procedure to compare the observed and predicted
cumulative growth percentages for each week. If an environmental variable
affecting seasonal growth pattern is not included in the model, the observed
pattern should differ from the predicted pattern. An illustration of the ob-
served and predicted growth pattern is given in Fig. 1.

For northern red oak, there were no significant differences (P>0.05) be-
tween the observed and predicted seasonal diameter growth patterns at either
site in any of the 3 years. This indicates that there is no significant deviation
from the seasonal diameter growth pattern predicted by the model.

g
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Fig. 1. Observed and predicted seasonal growth patterns for northern red oak on Plot 2, Site 2
in 1988. :
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For paper birch at Site 1, there were no significant differences between the
observed and predicted seasonal growth pattern in any of the 3 years. At Site
2. there were significant differences (P<0.05) between the observed and pre-
dicted seasonal growth patterns on one plot in all 3 years and in a second plot
in 1987 and 1988; there were no differences on the third plot. It is not clear
that these differences are the result of any seasonal difference in climatic con-

ditions between the two sites. The overall effect was that the model predicted -

a lower proportion of growth early in the year compared with what was ob-
served. As discussed earlier, the overall net effect did not include a difference
in total annual growth. The differences may largely be a consequence of small
numbers of trees being included in the plot level comparisons.

There were no significant differences (P> 0.05) between the observed and
predicted seasonal growth patterns for red maple at Site 1 with the exception
of one plot in 1986 and another plot in 1988. At Site 2, there was a significant
difference (P<0.05) on one plot in 1988 but not in 1986 or 1987 and no
differences for the other two plots. There does not seem to be any pattern to
these differences. For the majority of plots and years there was no difference
between the observed and predicted seasonal growth patterns.

For aspen, there was a significant difference (P<0.05) between the ob-
served and predicted seasonal growth pattern for only one plot in | year
(1988) at Site 1. This plot only contains a single aspen individual and, while
this difference could be related to the increased aspen growth at Site 1, unless
this difference is repeated in the future and found on other plots at Site 1 there
is no real evidence of a systematic inadequacy in the model’s prediction of
seasonal diameter growth pattern. At Site 2, there were no differences
(P<0.05) between observed and predicted aspen seasonal growth pattern with
the exception of one plot in 1986. In 1986, the studentized 95% confidence
intervals for the total annual growth residuals did not include zero and this
may be having an influence on the evaluation of seasonal growth pattern. This
difference was not repeated in later years and, since it only occurred on one
plot, does not seem to indicate a serious problem with the model.

In the seasonal growth pattern evaluations, comparisons were made on a
plot basis (using the three plots at each site) rather than on the site level.
There were a number of instances where individual plots differed in observed
and predicted seasonal growth pattern for single years, but paper birch at Site
2 was the only case where differences between the observed and predicted
patterns were noted on all or most of the plots. Even here, there were no ap-
parent climatic differences which seemed to have caused the model perform-
ance to deteriorate. Whatever the cause, it was not sufficient to be associated
with an overall decrease of model performance in estimating total annual
growth as discussed above.
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CONCLUSIONS

Many existing models which represent tree growth as a response to climate
contain assumptions which may be adequate on a regional basis but which
cause poor model performance on many individual sites. Species’ maximum
diameters and heights, for example, are utilized in many of these models and,
while it is well known that these are site dependent, this fact is not recognized .
in most existing growth models. Another example is a species’ response to
climate. From provenance trials it is well known for many species that genetic
material from different locations within a species’ geographic range responds
differently to climatic conditions at a given site (Carter, 1991). In many ex-
isting models a species’ growth response to a given heat sum is assumed to be
constant, even though differences in heat sum are used to represent different
sites. There are many problems, therefore, in utilizing existing models to proj-
ect the response of local tree populations and ecosystems to changing environ-
mental conditions.

For many species and localities, traditional forest growth and yield infor-
mation can be utilized in localizing the dimensional limits in existing models.
Because of the problems encountered when applying existing models to local
populations, it is important to localize such models when applying them to
historical data to investigate impacts of historical climatic or pollutant expo-
sure conditions. In this study, methods were developed and illustrated which
utilize height/diameter models from the literature to develop expressions for
maximum tree height and diameter as a function of site index and maximum
stand basal area. Such methods of localizing existing growth models could be
developed for many species in much of the world.

An annual timestep may not be sufficient for modeling tree response to
environmental conditions. Ecosystem level response to a shift in environ-
mental conditions may be on the order of several years while an individual
tree’s response to changes in environmental conditions, such as moisture or
nutritional status, is on the order of a few days. Also, the timing of events
such as drought during the growing season is as critical as their intensity in
determining their effect on tree growth. The amounts and timing of precipi-
tation and the temperature pattern within a given year interact to make each
year a unique combination of environmental factors affecting plant commu-
nities. For these reasons, a weekly timestep was utilized in modeling seasonal
growth pattern and, by summation, total annual diameter growth on the study
sites.

In this study, over two sites and 3 years, the model of seasonal and annual
diameter growth performed well for two of the four species. For a third spe-
cies. there was a growth reduction at both sites in the third year, most likely a
result of a combination of temperature and precipitation leading to a reduc-
tion in available water during the growing season. For the fourth species, there
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was an unexplained differential in model performance between the two sites.
These results emphasize the need for site-specific information collected an-
nually over an extended period in order to fully understand and quantify the
effects of environmental factors on forest productivity.
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Appendix G

ANOVA design used for analysis of each individual macronutrient concentration.

r Variati D.F. MS. E-Test
Site (S) 2 MSS MSS/MSE P(S)
Error Plot within Site (P(S)) 3(2) MSE P(S)
Years (Y) # Years-1 MSY MSY/MSE YxP(S)
Site x Years (SxY) (2)(Years-1) MSSxY MSSxY/MSE YxP(S)
Error YXP(S) (Years-1)3(2) MSYxP(S)
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