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The Proceedings of the North Dakota Academy of Science (NDAS) was first published in 1948 with Volume | re
the business and scientific papers presented for the 40th annual meeting, May 2 -3, 1947. Through Volume XXI, the sip
yearly issue of the Proceedings included both abstacts and full papers. Commencing with Volume XXII, the Proceedmgq wle
published in two parts. Part A, published prior to the annual meeting, contained an abstract of each paper to be presen;ed
the meeting. Part B, published later, contained full papers by some of the presenters. a

Commencing in 1979 with Volume 33, the Proceedings changed to the present 8 1/2 x 11 inch format. It s Prody
from camera-ready copy submitted by the authors and issued in a single part to be distributed initially at the annug] meetic o
For the current Volume, all submissions were on computer disk; the entirc Proceedings was then assembled by using desk:] '
publishing software. This approach allowed the Editor control over all formatting and many of the papers were reformayeq
giving the Proceedings a more consistent look. Also, incorporating all of the submissions on computer allowed production 0}
an electronic copy of the Proceedings for the first time.

Each Collegiate and Professional presentation at the annual meeting is represented by a full page communicatigy,
which is more than an abstract, but less than a full paper. The communications contain actual results and conclusions, anq
permit data presentation. The communication conveys much more to the reader than did the abstract, but still provides the
advantage of timeliness and ease of production. Commencing with Volume 50, presenters of the Symposia of the 88th annyg
meeting were given the opportunity to contribute an expanded or full length article consisting of a multiple page contibutiop
thus providing a presentation of much greater depth and scope than possible in a singe page communication.

The communications of this volume of the Proceedings are presented in three sections. The first section containg
presentations from the symposium offered at the 89th annual meeting. These papers are organized in the same sequence a5
presented in the respective symposium.

The second section contains the collegiate communications representing all of the papers presented in the A. Roger
Denison Student Research Paper Competition. Undergraduate and graduate students reported on the results of their own
research activities, usually carried out under the guidance of a faculty advisor. While student competitors were required to
prepare a communication similar to those prepared by their professional counterparts, these communications were not reviewed
by the NDAS Editorial Committee prior to publication herein. The Denison Awards Committee judges the oral presentation
and the written communication in arriving at their decision for first and runner-up awards in both the graduate and
undergraduate student competitions. In this section the first group of papers is from the undergraduate competition and the
second group is from the graduate competition. The papers in both groups are listed alphabetically by first author.

The third section of this volume contains the communications presented in the professional sections of the annual
meeting. All professional communications were reviewed by the Editorial Committee prior to their acceptance for presentation
and publication herein. The papers in this section are also listed alphabetically by first author.

Readers may locate communications by looking within the major sections of these Proceedings (see table of contents)
or by referring to the author index.

This issue of the Proceedings also contains the Constitution and Bylaws of the Academy, a list of officers and
commmitte members, a list of all Academy members as of March 1997, a copy of minutes from last year’s annual meeting, &
listing of past presidents of the Academy, and a copy of the 1995 and 1996 financial statements.

DOmng

Eric Uthus
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6 SyMPOSIUM

THE DEVILS LAKE BASIN: TROUBLED WATERS

Roger A. Hollevoet*
U.S. Fish and Wildlife Service, Devils Lake Wetland Management District, Devils Lake, ND 58301

L. INTRODUCTION

The Devils Lake Basin is located in northeastern North
Dakota and encompasses an area of 3,814 square miles or
2,440,960 acres. About 3,320 square miles are tributary to
Devils Lake and the remaining is tributary to Stump Lake.
Devils Lake is considered a closed basin. The Basin is part of
the Red River Basin but is classificd as non-contributing, as
waters from the Devils Lake Basin rarely overflow into the
Red River Basin. At elevation 1445’ above sea level (amsl)
water will flow from the eastern part of the lake into Stump
Lake and at 1457' amsl water will flow from the Stump Lakes
into the Sheyenne River. Levels in February 1997 were
approaching elevation 1438’ M.S.L., closing in on a one
hundred thirty-year high.

The Devils Lake Basin is made up of nine separate
watersheds or subbasins located in parts of eight different
counties and most of these drain into Devils Lake viaa system
of small coulees. These subbasins are the Little Coulee
Subbasin (421 sq. mi.), Mauvis (882 sq. mi.), St. Joe/Calio
(233 sq. mi.), Starkweather (391 sq. mi.), Edmore (501 sq.
mi.), Comstock (58 sq. mi.), Devils Lake north and south
slopes ( 512 and 328 sq. miles respectively) and the Stump
Lake subbasin ( 488 sq. mi.) (1).

Devils Lake itself is a chain of connecting water bodies
or bays that totaled about 45,000 surface acres in 1992 and in
February of 1997 covers about 80,000 surface acres. These
bays include, from west to east, the Minnewaukan Flats, West
Bay, Main Bay, East Bay and East Devils Lake.

Physiographically, the basin lies within the Central
Lowlands Province, an area of glacial drift and lacustrine
plains formed by continental ice sheets during the last
glaciation. The topography of the Basin is glacial in origin
with gently rolling low hills and broad flat lands composed of
rich soils dotted with many wetlands and small lakes.

The combination of productive soils, grasslands, and a
diversity of wetland types created an ecotype rich in prairie/
wetland flora and fauna. This area is known as the
Northeastern Drift Prairie within the Prairic Pothole Region.
This subregion is based on glacial landforms, environmental
conditions, and biogeographical relationships.

The climax biotic community of this region was
represented by the eastern mixed-grass prairie and, in some
smaller areas, the tall grass prairie. These grasslands were
interspersed with wetlands exhibiting seasonal, temporary,
semipermanent, and permanent water regimes.

II. CHANGES IN THE DEVILS LAKE BASIN

The Devils Lake Basin lies predominately i a
grassland biome and, prior to settlement by white man, great
expanses of trecless prairic was the major habitat type. There
were some tracts of woodland limited to floodplain areas ang
in the hills around Devils Lake. Natural wetlands of glacig
origin were numerous and natural drainage was unintegrateq,

Land use by white man since the late 1800’s has causeg
drastic changes in habitat conditions, often resulting in 5
general environmental deterioration. Agricultural crops have
replaced the native prairie sod changing the landscape from
grassland to small grains and row crops. Many of these areas
became subject to wind and water erosion. Although these
areas are now extremely productive for agricultural
commodities, the outlook for many breeding birds and species
diversity has been changed (2).

In addition to the changes to the uplands or original
grassland biome, numerous natural wetlands have been
drained for agricultural production. The ecosystem that once
was composed of mixed and tall grass prairie and diverse
wetland habitats is now dominated by agricultural
production. According to a report entitled “The Devils Lake
Basin Water Management Plan” (1) a Soil Conservation
Service land use analysis shows that 78-91 percent of the land
in the Devils Lake Basin counties are in agricultural
production. A Natural Resource Conservation Service
analysis on hydric soils and a Fish and Wildlife Service
National Wetland Inventory (NWI) study states that a
minimum of 189,000 acres of wetlands has been drained in
the Devils Lake Basin (3).

ITI. MIGRATORY BIRD RESOURCES

Despite these dramatic changes in the landscape,
wildlife resources still exist in the basin. Tame grasslands
have replaced the native grasses and occur on U.S. Fish and
Wildlife Service lands, N.D. Game and Fish Department
lands, and scattered on private lands enrolled in the
Conservation Reserve Program (CRP) and other conservation
programs like Water Bank. Approximately 200,000 wetland
acres (NWI data) remain in the basin (3). These habitats
mimic the original prairie habitats for some species.
Migratory birds that are typically found in the area that ar®
dependant or associated with wetland habitats include the
following (2):
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Pelicans/Cormorants

bes

g;.eed/crebe White Pelican
western Grebe Doublc-Crested Cormorant

.4 Billed Grebe
f{'gmed Grebe Shorebirds, Gulls, Terns
Red Nccked Grehe Piping Plover

Killdcer
1 Upland Sandpiper

Waterfowl '

gndra Swan Willet
zanadﬂ Goose Marbled Godwit
Mallard American Avocet
Gadwall Wilsons Phalarope
pintail Spotted Sandpiper

Blue-Winged Teal
Northern Shoveler

Greater Ycllowlegs
Lesser Yellowlegs

Canvasback Franklin’s Gull
Redbead Bonaparte’s Gull
Ruddy Duck Ring-Billed Gull
Wood Duck California Gull

American Wigeon
American Green-Winged Teal

Forester’s Tern
Common Tern

Herons, Cranes. Rails

Sora

Virginia Rail
Yellow Rail
American Coot
Amecrican Bittern
Black-Crowned Night Heron
Great Bluc Heron
Great Egret
Snowy Egret
Cattle Egret
Sandhill Cranc

Passerines and other
Long-Billed Marsh Wren
Short-Billed Marsh Wren
Common Y cllowthroat
Red-winged blackbird
Ycllow-headed blackbird
Savannah Sparrow
Sharp-tailed Sparrow

Lesser Scaup Black Tern
Ringed Neck Duck

Black Duck

Bufflehead

Common Goldeneye

Hooded Merganser

Common Mecrganser

Snow Goose

White-fronted Goose

Ross Goose

IV. COMPLEX ISSUES OF THE DEVILS LAKE
BASIN

Devils Lake is a shallow, saline, hypereutrophic lake.
Water levels have varicd widely over time. The specific
reasons for the long term fluctuations are not well understood
inspite of various scientific investigations. Yearly variations
in precipitation, long term climatic fluctuation, recent
changes in drainage patterns by man, and unusual hydrologic
Characteristics of the basin all play a role (4).

No documented records of lake levels are available
before 1867 but, using tree ring chronology, Upham (1895)
(5), estimated Devils Lake was at elevation 1441' amsl in
1830. According to studies by Blumele (1991) (1) the lake
Probably overflowed its natural outlet sometime in the last
1800 years. Lake levels were recorded sporadically from
1367 until 1901 when the U.S. Geological Survey installed a
Sauging station on Devils Lake (5). In 1867 the lake was
Tecorded at a maximum of 1438.4' amsl and was down to a
Tecord of 1400.9' amsl in 1940, The lake fluctuated from 1940

Brown-Headed Cowbird
Tree Swallow
Belted Kingfisher

Birds of Pre
Bald Eagle
Northern Harrier

until it reached a peak of 1428.8' amsl in 1987, which at that
time was the highest level for the century. The drought of the
late ninetcen eighties then came into play and the lake
declined to 1422.6' amsl in 1993. That drought was
immediately reversed into a wet period starting in June, 1993
until the current period of February 1997 when the lake is at
1437.8' amsl.

Water quality is also an issue in the Devils Lake chain.
Since Devils Lake is a closed basin, levels of salts and
nutrients continue to rise. Various studies have been
completed on nutrient loading but it has been recommended
that a nutrient budget be completed for the lake and its
watershed and that possible watershed management practices
be implemented to try to lower nutrient loads into the lake.
Salts are also a concern in Devils Lake. In a January 1995
Statc Water Commission report (1) it stated that a 1989 study
with cight water sampling sites showed water quality varied
from west to east in the lake. The samples varied from 2,500
parts per million (PPM) total dissolved solids in the
Minnewaukan flats to 10,700 PPM in East Devils Lake.
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The issues of water quality and quantity are most
frequently visited by conservationists, agriculturalists,
recreationists and the general public living in Devils Lake.
Some of the issues that are frequently brought up include
nutrient loading in Devils Lake and in area wetlands. This
often pits conservation issues against agricultural producers.
The claim is that agricultural fertilizers are adding to the
nutrient levels in Basin waters. U.S. Geological Survey and
N.D. Department of Health have been studying this issue and
many are recommending a complcte nutrient load review be
done for the Basin and a watershed plan be implemented to
address this issue. More frequent monitoring and complete
data are needed in this area (6). Many recreationalists alrcady
have formed opinions on nutricnt loading based on the
“green” lake conditions each year with floating mats that give
fishing and boating enthusiasts much frustration.

Water quality, in terms of total dissolved solids, is also
an issue to many individuals. Fishermen complain about the
salts that form on their expensive equipment, but of most
concern is the salts, particularly the sulfates, in the Devils
Lake water column and the impacts it could have downstream
on users of the water if an outlet is constructed. The water
quality standards for sulfates as outlined in a February 1996,
Corps of Engineers Report (7) in the Sheyenne River are 450
mg/l. In the Red River and at the International border between
Canada and the United States the standard is 250 mg/l.
Approximately half of Devils Lake’s total dissolved solids
(TDS) is sulfates. In October of 1992, Main Bay TDS was
4120 mg/l at elevation 1423. In October 1995, at elevation
1435 the TDS levels in Main Bay were 1870 mg/1 (7). These
high levels of TDS or sulfates will make it difficult for
releases from Devils Lake to meet water quality standards in
the Sheyenne and Red Rivers. This of course makes people in
the city of Devils Lake frustrated trying to solve their flooding
issue and is of great concern to downstream interests that
could receive the waters.

The other big issue that gets a lot of debate is the
wetland drainage in the upper basin of Devils Lake.
Agricultural interests say that the drainage is minimal and
has no impacts on the flooding of Devils Lake. Many
segments of the public and conservationists are concerned
about the drainage and bclicve an upper basin storage
program should be implemented to provide flood control
along with water quality benefits, wildlife habitat, areas for
recreation and tourism, and add to the economic diversity in
the area.

Agencies that have been asked to quantify the data also
disagree on the numbers. The range that has been discussed
by N.D. State Water Commission and U.S. Fish and Wildlife
Service technicians varies from 60,000 acres of drained
wetlands with a storage capacity of 156,000-294,000 acre-
feet, to 189,000 acres of drained wetlands, with a storage
capacity of 491,000-926,100 acre-fcet (3). The technicians
could not agree on technique or parameters of the analysis so

disagreement continues. The bottom line is that evep j¢
minimum of 156,000 acre feet is available, that amoyn coulg
prevent two fect of water from coming into the lake, There is
also the possibility of storing additional water in upper basip
lakes. The real fact of the mattcr is that upper basin resideng
are notextremely cxcited to restore wetlands. This is the Main
issue. The solution is to find programs that are fyj 1
taxpayers, fair to landowners, and help address flood iSSues
and watershed management in the Basin.

These two main issues, water quantity and quality,
rclate to all the controversy surrounding water managemen;
in the Devils Lake Basin. The recent drought followeg by
levels of water higher than current residents have ever seeq
has resulted in a cry for help. Local residents and governmep
are asking State and Federal agencies to solve the fluctuating
water levels. They are asking for drought protection for the
recreational fishery, which yielded $33 million of gross
business volume in the 1983-84 season (1), and flood
protection for the city and surrounding lands from high water
levels. Since the basin was settled, water issues have been op
the forefront.

V. POTENTIAL SOLUTIONS

In the last several decades, agencies have evaluated
several options for water management in the Devils Lake
Basin. Ideas have included construction of an outlet, building
an inlet, increasing water storage in upstream lakes, flood
plain zoning, flood proofing buildings and infrastructure,
controlling upstream drainage, obtaining flood insurance,
restoring drained wetlands, building dikes and levees,
evacuation, and implementing a basin-wide water manage-
ment plan. All have merit and all have had problems. As with
many issues in science the answer is usually not one simple
answer.

The answer in fact is complex, and will more than likely
be a combination of many of the previously mentioned
actions. The considerations surrounding a solution are also
complex. There are social and economic issues, biological
and environmental issues, political and fiscal issues. Good
science and engineering will be required to find the correct
solutions.

The solution currently coming to the forefront is a three
part solution consisting of 1) watershed management, 2)
infrastructure protection, and 3) an outlet that considers the
water quality and quantity issues of the Devils Lake Basin.
Watershed management will include managing the upper
basin lakes, restoring wetlands, controlling flows, managing
runoff and addressing erosion, and implementing water
quality practices known as “Best Management Practices”, all
outlined in a report entitled “The Devils Lake Basin Water
Management Plan” (1). Infrastructure protection will include
dikes, road raises, flood insurance, moving and evacuation of
structures, and floodplain zoning (4). An outlet will include

PROCEEDINGS OF THE NORTH DAKOTA ACADEMY OF SCIENCE, VOLUME 51, 1997



DEvVILS LAKE BASIN 9

ving an amount of water out of Devils Lake that will not
mo ly affect the Sheyenne River or the residents that live

negaﬁve . aqe
oxt to the Shcyenne River or who utilize the waters for
n

domestic use: , . .
The final solution, whatever it may be, will involve

cientific fact, engineering design, social issues with
emotional overtones, and political intcrvention. Those
ientists who arc in the ficld working with decision makers
will be asked to make choices and collaborate on solutions.
This puts scientists in arecnas where many are not
comfortable, butessential to the future of the use of scicnce in
our political world. The Devils Lake Basin is truly dealing
with troublcd waters for citizens, scientists, engineers, and

liticians. Hopefully, decisions will be made using facts and
gtlizing professionals to assist in beneficial outcomes for

society.

6.
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GEOLOGIC HISTORY OF THE DEVILS LAKE BASIN, ND

John R. Reid*! and John P. Bluemle?
'Department of Geology and Geological Engineering
University of North Dakota
Grand Forks, ND 58202-8358
*North Dakota Geological Survey
600 E. Boulevard Ave.

Bismarck, ND 58505-0840

Pre-glacial history

The Devils Lake Basin is the result of the continental
glacier that covered the region during the late stages of the
Wisconsinan ice advance. However, the conditions that
allowed the excavation to occur formed long before. The
pre-existing rocks set the stage for subsequent glacial erosion.

The oldest rocks beneath the basin are crystalline
Precambrian rocks, more than 600 million years old. These
ancient rocks are buried beneath one to four km of younger
sedimentary rocks (1). Five sequences of these sedimentary
rocks are recognized in the region, corresponding to five major
inundations and retreats of near-tropical seas. The resulting
sediments accumulated over a period of 500 million years.
Although the sedimentary rocks that undcrlie the Devils Lake
Basin are equivalent to those farther west in the more central
part of the Williston Basin, they are thinner and, as yet, non-
petroleum producing. The most common rocks are marine
sandstones, limestones, and shales.

During the Cretaceous Period, 140 to 65 million years
ago, the last scas inundatcd what is now North Dakota. It
was during this time that the uppermost bedrock of the region
was deposited, the Niobrara and Picrre Formations (shales).
The Niobrara Formation is the uppermost rock unit only where
the Pierre Formation has been erodcd away, because the
Niobrara Formation underlics the Pierrc Forration elsewhere.
Locally present are the Fox Hills and Hell Creek Formations
).

The Niobrara Formation is a light gray calcareous shale;
in the Devils Lake Basin it is between 100 and 120m thick.
The overlying Pierre Formation is a darker marine shale which
ranges in thickness from 70 to 390m. In places within the
basin these formations are exposed at the surface; in other
places the bedrock is buried beneath as much as 180m of
Pleistocene and Holocene sediments. Because the Pierre shale
is the uppermost rock unit in most of the basin, large quantities
have been incorporated into the younger glacial sediments.
Resulting sand and gravel deposits are therefore of poor quality
for construction purposes. Of further relevance is the fact that
both the Niobrara and Pierre shales are relatively
impermeable, something that later determined the character
of flow of the glacier ice over the region.

Glacial History

Earliest Glaciations. Very little is known about the early
glacial history of North Dakota. Evidence indicates, however,
that North Dakota was invaded several times by continengy
glaciers from the Hudson Bay ice center over the past 2 milligp
years, the period called the Ice Age (2). Scattered boulders
from the Canadian Shield region are interpreted as marking
the farthest advance of an early glaciation. These lie south
and west of the younger margins (3). As yet, these boulders
have not been subjected to cosmogenic dating techniques to
determine their time of deposition, and perhaps this is not
possible due to spalling of their surface. Because the boulders
are scattered and there is only one site where finer glacial
sediment (till) has been observed (4), they must have been
deposited before 70,000 yrs BP, perhaps more than 250,000
yrs BP. Two younger pre-Late Wisconsinan ice margins were
mapped by Clayton, et al. (5), to the north and east of the
region of scattered boulders. Within these margins the
abundance of coarse clasts and patches of till is greater. Itis
estimated that more than 60m of surface erosion has occurred
since the earliest glaciation in North Dakota (5). Significant
thicknesses of tills are exposed along the east shores of Lake
Sakakawea; the Mcdicine Hill Formation is probably pre-
Wisconsinan in age (>70,000 yrs BP), whereas the Horseshoe
Valicy Formation may be early Wisconsinan (50,000 to 60,000
yrs BP)(6,7). The uppermost till, the Snow School Formation,
was deposited by the Late Wisconsinan ice sheet, between
25,000 yrs BP and about 13,000 yrs BP. Thus far, the tll
units along Lake Sakakawea have not been traced into the
Devils Lake region, but if the ice sheets extended into west-
central North Dakota, they had to have advanced over the
Devils Lake area, too.

Each time the ice sheets advanced into what is now
North Dakota, the northward-flowing rivers were blocked by
the ice. The evidence for the former direction of flow of all
major rivers in this region lies in the existence and drainage
patterns of buried channels (8). When these became blocked,
proglacial lakes formed and drainage was diverted to the
east and south. A major river channel once flowed north
through the Devils Lake region (9). This, the ancestral
Cannonball River system, deposited alluvium which form$
part of the Spiritwood Aquifer today.
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st Glaciation. The interstadial period following the
1 Wwisconsinan glaciation lasted from about 50,000 to
000 yrs BP, at which time the climate again cooled, causing
c: ice sheet to build up and advance southward for the last
gme (10). Most of the glaciated surface topography of North
pakota is the result of this event. The terminus of this ice
sheet reached the Des Moines, Iowa, area about 20,000 yrs
BP, but the westward limit in North Dakota reached only from
the south-central border to the northwest corner of the State
@), well insidc older glacial limits. From that time until the
final melting of the ice sheet from North Dakota, about 11,500
s BP, the glacier fluctuated many times. Each readvance
eft ridges of glacial debris, some large, like the Edinburg
Moraine, othcrs more numerous but small, like the
wwashboard moraincs” common in the Devils Lake region,
perhaps a result of annual winter readvances during the
recessional phases of the ice sheet (11). More important to
the glacial history of the Devils Lake Basin is the subglacial
thrusting that occurred.

The ice sheets that advanced over eastern North Dakota
were unusually thin, perhaps less than 1km even when the
terminus was in Iowa (12). This was affectcd by the underlying
impermeable shale bedrock, wherever it occurred. Subglacial
water, produced by the weight of the overlying ice (pressure-
melting), allowed the glacier to slide faster even though
thinner. Wherever the glacier advanced over more permeable
sand and gravel deposits, either water pressure was reduced
by more rapid drainage of the subglacial water into these
deposits, or the pressure was increased by the addition of
ground water in these deposits. Any reduction in pore water
pressures at the base of the ice allowed for rapid deposition of
basal tills. Any increase in pressure caused a decrease in
strength of the subglacial material. This is what is believed
to have occurred in the Devils Lake Basin. As the ice sheet
advanced into the area, it encountered the partly buried
Spiritwood Aquifer in which the hydraulic head was already
high (Fig.1). As a result, even greater pressures developed
toward the thinner terminus, to the south, severcly weakening
the subglacial units, i.e., the Pierre shale. Continued flow of
the ice lifted large masses of this bedrock, transporting them
until the ground water pressures were sufficiently reduced.
The sudden discharge of the trapped ground water may have
been responsible for eskers, frequently associated with such
thrust blocks, or even mud volcanoes. When the glacier finally
fetreated from the region a large depression was left behind
where the bedrock mass had been removed and, immediately
downglacier, was the deposited block, including Sully’s Hill
(Fig.2) (13-15). Beds of disturbed (tilted, folded) shale can
be found at numerous sites along the margin of that hill. A
Core through that hill shows interbedded shale and glacial
Sediments, attesting to the thrusting and stacking forces of
the glacier.

Deglaciation. By about 12,5() yrs BP the ice terminus
was retreating rapidly from North Dakota. Debris-venecred
ice masses, insulated from rapid melting, were left behind as
the active ice terminus retreated. Sully’s Hill and the area all
the way to the Sheyenne River had such buried ice which
slowly melted under a variable thickness of debris. Large
volumes of water also were released from the melting ice sheet.
The water ran off the surface toward the front or became part
of the intemal drainage system of the glacier, discharging
through subglacial tunncls. Where the land sloped toward
the ice front, water became ponded as proglacial lakes. The
chain of lakes associated with Devils Lake were of this type.
Suspended silt and clay settlcd out of the lake watcr, especially
in winter when the lakes froze over and currents were reduced.
Where the land sloped away from the ice front, vast areas of
sand and gravel were deposited by the overloaded braided
stream channcls, or the water drained dircctly via existing
channels into the Sheyenne River or via the Heimdal Diversion
Channel into the James River (16). Many of these channels
are now abandoned.

It is important to understand that the topography to the
south of Devils Lake, except for the thrust masses, is largely
the result of collapse of glacial sediment upon melting of
buricd ice. This slow melting is believed to have taken placc
between 11,900 and 11,600 yrs BP (10). By then, most of the
ice was gone from the area and the active ice front was far to
the north of the present Canadian border. Left behind was an
extensive area of lakes in the midst of collapsed topography.
The Devils Lake complex probably was at its maximum level
as the ice retreated from the region. The water certainly
drained through tributary channels into the Sheyenne River,
but may have also drained eastward through Stump Lake and
out through the Tolna Coulee. The complicating factor in
any interpretation is the fact that the entire arca was still
rebounding from deglaciation and the drainage elcvations
were significantly lower than today. Regardless, the lake level
eventually fell below the elevation of the outlets and all
subsequent fluctuations resulted from changes in the climate.
Since cessation of outlet drainage, little change has occurred
in the basin, except for climatically-induced fluctuations and
the slow accumulation of sediments into the lake and the outlet
areas.
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Figure 2. Result of Glacial Erosion, forming Devils Lake and Sully’s Hill.
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SOILS AND STRAND LINES OF DEVILS LAKE, NORTH DAKOTA

J. L. Richardson* and C. L. Lura
Department of Soil Science, North Dakota State University, Fargo 58105
Biology Department, Minot State University-Botineau, Botincau 58318

INTRODUCTION

This paper is based on a report prepared for litigation
on land ownership around Devils Lake (1). In the last 9000
years the lake elevations ranged from at least 1397 to 1453
feet (2,3). The lake lcvels are left in fect although all other
measures are metric.

Soil formation results from the action of climate and
living organisms, especially plants, acting on geologic
materials, influenced by topography over time. The Devils
Lake wave action resulting from water level fluctuation has
altered four of these factors: geologic materials, topography,
vegetation and time. Strand line as used here is the zone of
beach and affiliated landforms that represent a shoreline for
a period of time; a strand line usually can be traced around
the edge of the lake basin. Shoreline is the water edge
currently or at a specified time in the past. The wave action
in a lake the size of Devils Lake alters sediments on the strand
line by erosion and deposition because of the concentrated
energy in the wave breaker area and rduced water energy levels
in the quiet water off-shore. Exposed open areas are eroded,
forming a distinct slope profile. Only coarse textured deposits
(sands and gravels) remain on the erosion surface. These
areas of the strand line are termed here as beach areas or
beaches. The finer sediments are deposited off-shore from
the beach. Protected areas in bays, such as Minnewaukan
Flats, have flatter slope profiles. Depositional areas
characterized by high clay are referred to as mudflats and
only occur in quict water with little wave action. The large
distances of open water (fetch) allow for large waves to form.
The large waves cause shoreline erosion, longshore, and off-
shore sediment transport that segregates or sorts the sediments
in a manner not typical of smaller lakes (3).

Active deposition or erosion terminates pedologic
processes on preexisting soils which were either removed or
buried. Subaerial soil profile development contrasts greatly
from submerged soil development. Areas with fluctuating
water levels have unique soil morphologic characteristics
because alternate submergence and drainage is a distinct soil
forming process. Therefore, a collection of young soils formed
in four environments should exist in the strand line: Beach
with soil series like Wamduska and Claire; near-shore sands
Minnewaukan; near-shore to off-shore interstratified thin sand
layers with loams soil series like Mauvais or Aquents in the
Benson County Survey (4); and off-shore silty-clays like the
Lallie series.

HYPOTHESIS: Shoreline fluctuations have Created 5
wave cut topography at various elevations on the til]
surrounding the lake basin. The wave action removes gpe
existing soil by erosion and “resets the clock™ for o
development processes. Soils above certain strand lines will
be distinctly older than those below. At some strand line j jg
expected that Entisols (young or recent soils) will occur beloy
and Mollisols or Alfisols will occur above the strand line,
Soil development and strand lines demonstrate age ang
stability of the shoreline around the lake basin.

METHODS

In the original study, six transects and multiple
additional field observations of soils and vegetation were
detailed (1). In this paper only two transects are described
and observations on the soils from these transects are briefly
mentioned. These two transects are very representive of the
soils and the strand lines, however.

Soils and strand lines were studied along six transects
(approximately from 1422 to 1445 fect elevation) on the major
bays of the Devils Lake chain. The soils were examined by
describing selected morphological features in the field and
sampling for soil organic matter analysis (not reported here).
The moist soil color was compared to a Munsell color chart
in the field. Texture was ficld estimated. Soil survey
information was also incoporated into the study even though
only the Benson County Soil Survey was published at the
time of the study (4). The soils mapped in the three county
soil surveys differentiate Devils Lake and Stump Lake soils
from the older Pleistocene lacustrine soils and wetland soils.
The time interval between the Benson County Soil Survey
(4) and the newer soil surveys was one with a lot of
investigations on wetland soils that was reflected in the soil
surveys conducted in Ramsey and Nelson Counties.

The use of mottles or redoximorphic features created
by differential iron solubility under oxidizing and reducing
conditions could not be used because the basin below 1453
feet had all been under water at least once. Nearly all these
soils contain redoximorphic features, but the coloration often
reflects relict conditions that have little meaning today. Also,
certain mottle patterns appear to be created by sidehill seepage
where water movement from the upland flows on the fine
textured, that underlies coarse -textured sediments of the beach
and near-shore lacustrine materials; these data are mentioned
in the companion paper on vegetation as range sité
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jrrigated. Flow patterns of this type were observed
sub gently. Thercfore, we feel that redoximorphic features

¢ 100 complicated for accurate interpretation. We only
u:erd redoximorphic features infrequently in our analysis.

FIELD INVESTIGATION

Graham Island Transect

The sitc is located in Sec. 27, T153N, R66W just south
of the Old Military Reservation Boun@ary on the \‘VesF Bay of
pevils Lake. The lake escarpment in this locality is steep
and is oricnted northwest-southeast. A wave cut bench and a
section of exposed sandy sediment extends from the wave
yndercut cliff for about 300 meters to the present shoreline.
gome wind reworking and at least one storm beach can be
seen from the wave undercut cliff to the present shoreline.
The present land surface is grazed and does not appear to
have been tilled or cropped.

Seven soil profiles were examined along a transect from
about 200 meters offshore to the wave cut platform below the
wave undercut cliff, or about 500 m total length. The shore
profile is quite flat.

Submerged profiles (ZI1A at 20 meters from shore and
711B at 200 meters from shore) had about 7 cm of sedimentary
peat (Lco-horizon) over sandy loam sediments to 40 cm and
then dark colored silty-clay texture from there to 1 m (total
depth examined). These young soils are highly subject to
surficial wave erosion and receive longshore transported
sediments.

The near-shoreline profile ZI1 was 8 m inland from
the lake shoreline and about 30 cm above the lake when
described and had about 3 cm of brown (10YRS5/3) aigal
material above the mineral surface. From the mineral surface
t0 16 cm, we observed a black (10YR2/1) sand; next, from 16
t0 40, a very dark gray (10YR3/1) sand occurred; below 40
cm the sands had depleted matric colors of grays (10YRS/1)
with abundant prominent reddish (5YR4/6) accumulation
zones. The mottles are of the type that indicate a history of
recent and frequent water table fluctuations (5). The lake
was about 1426 feet in elevation at the time we examined this
site. An abrupt soil discontinuity existed between the shoreline
profile and the two submerged profiles. Recent submergence
or a different duration could cause the observed differences.

Profile (Z12) was located 65 m inland from the shore
atabout 1430 feet elevation. The soil was a thin Entisol with
20-7 cm A horizon overlying a 7-47 cm gray (10YR6/1)
$and stratum with prominent reddish (5YR4/6) accumulations
ostly concentrated near the bottom of the stratum. Below
this stratum, a 40-58 cm buried A-horizon with a very dark
grayish brown (10YR3/2) sandy loam was observed.
Apparently, water moves laterally over the buried A because
the gray overlying material contained such an abundance of

feddish iron accumulations demonstrating reduction periods
follwed by oxidizing conditions and some additions of iron.

We believe that the iron was transported mostly by lateral
flow. The two layer soil with the amount of red mottles
indicates some stability. The profile is a variation of the
Minnewaukan series.

Profile (Z13) was located approximately 115 m inland
on a low beach ridge at 1434 to 1435 feet elevation. The
profile consisted of medium and coarse sands throughout the
depth examined. The surface was 10 cm thick dark gray
(10YR4/2) with another 5 cm of mixed A and C material
below. The profile classifies as a Wamduska series. The soil
is quite droughty and subject to blowing. The subsurface or
C horizon was gray (10YR6/1) without accumulation zones,
which indicates a lack of oxidized iron. We interpret this to
mean that percolating water had removed iron. This area is
a minor strand line.

Profile (ZI4) was located inland 55 m from ZI3 across
an undulating but overall flat area at 1436 feet elevation. The
soil consisted of stratified sands that varied from fine to
medium sand in texture and lacked distinct horizons. The 7
cm thick A horizon was very dark grayish brown (10YR3/2),
but below this the colors reflected stratification and ranged
from 10YR4/3 to 10YRS/2. The C horizon here does not
appear to have been subjected to water movement through
the profile like ZI2 and ZI3 but we believe lateral flow occurred
here.

The soil (ZIS5) on the strand line at 1440 feet was located
on steep wave-cut platform below a wave undercut cliff. The
base of the upper wave undercut cliff and top strand line was
located at 1454 feet elevation. The slope at the site was 6%
and straight, not curved or concave like slopes cut from runoff
erosion. The surface is covered with large, and often flat
rocks and is interpreted as a gravel lag. The gravel lag resulted
from wave erosion and armors the bench from further wave
erosion. The thin soil (A horizon 7 cm and AC horizon
another 7 cm thick) consisted mostly of gravel with some
sandy loam material in the matrix between the coarse particles.

Above 1440 feet, at the wave undercut cliff, the land
surface is much steeper but the soils have thick A-horizons,
indicating older soils, and in this case the soils are like Towner
series, a Mollisol. In this transect the three different strand
lines of the lake are 1426 feet, 1434 feet, and 1440 feet and
were all Entisols. The 1453-foot strand was present but not
investigated. The Mollisols from 1440 feet and higher
indicated stability for a substantial time. The lake, however,
has not been that high for at least 115 years (6). At 1450 feet
the upper wave cut levels occur. Levels below 1421 feet were
not examined. The submerged areas contained soils that
reflect the current submergence and were not useful in
interpreting lake levels. Therefore, soils below 1421 feet
would not likely be of much help.

When the Benson County Soil Survey was done (4),
the shoreline was quite a distance lakeward from the shoreline
at the time of our study. The mapped sequence of lacustrine
soils illustrates the depositional energies of formation. Three
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soil series dominate the sequence. Lallie is the fine-textured
offshore Entisol soil that often is a silty-clay. Lallie has three
mapping units: the inner one is a marsh or very poorly drained
lake remnant soil; the inner mapping unit is often ringed by
a saline unit formed by capillary salt concentration; the last
unit lies above the others and grades into sandier units. The
first sand unit is the Minnewaukan series, which classifies as
an Entisol. The third unit is the Claire (Wamduska) series
that is better drained than the other two soils. The Claire
soils form a ring around and above the Minnewaukan soils.
This soil is an obvious beach soil. The Claire is present at
1434 feet and at 1440 feet; both are strand lines above 1443
feet, a Mollisol occurs, usually the Towner serics. In some
places the Bottineau soil, which is an Alfisol, occurs above
1440 feet in forested areas.

The mean high lake level, expected from pedological
evidence, would be somewhere from the upper Claire to the
Towner soils. The Lallie is sediment formed in the lake basin
and the sandy soils are formed on the shoreline at the higher
water levels or “mean” high water levels at that time. Over
time these would be the shore, not the Lallie. The 1425
contour line on the Grahams Island and Minnewaukan East
topographic maps occurs on Minnewaukan soils. Therefore,
we believe that the soils distribution confine the last 300 years
a mean high water level at between 1425 and 1440-feet in
West Bay of Devils Lake. Above 1440 foot elevation, the
existence of a Mollisol requires some age.

South Point on East Bay of Devils Lake

This site is located on the north side of the point in Sec.
19, T153N, R63W and overlooks East Bay of Devils Lake
from the south. Also, the terrace above the transect which
extended into Sec. 24, T153N, R64W was examined. This
terrace is at 1442 feet, with several depressions lower than
1440 feet. Several prominent islands or peninsulas occur in
and south of this terrace. This terrace is the equivalent height
and comprised of sediments simila to the terrace east of Creel
Bay examined in detail by Callender (3).

The terrace has Lallie soils and these soils occur above
a large body of Claire soils and are associated with the
wetlands on the terrace. These soils appear to have thicker
A-horizons than the Lallie that is described in Strum et al.
(4). Also on the terrace are Minnewaukan soils. One
Minnewaukan delineation has two paleosols or buried soils
that formed and were buried some time in the past. The
deposition of sands and gravels was followed by water
recession long enough to develop a well formed A-horizon.
This A- horizon was then buried again. These buried horizons
occur in a gravel pit at 1440 feet on the Devils Lake
Quadrangle map. The buried soils indicate that at infrequent
intervals, this whole terrace can be submerged, but most
frequently it is above water.

From 1440 feet to 1426 feet, no beaches were observed.

Below 1433 feet, the slopes are steep and soils are Entigy
with a solid ground cover of vegetation. At 143( feoy ls
modern wave-cut cliff of 1.5 m has only moder, Slu;na
material or simply exposed terrace material without gy
development. The storm waves appear to be actively erodip
this shore.

Profile ZII-1 at 1436 feet is on a flat lower portigy of
the terrace. From here the transect trends north on a gyee
15% convex slope to the top of the wave-cut cliff, Thig proﬁl;;
represents a stable terrace above 1434 feet. The soil hag als
cm A-horizon of very dark grayish brown (10YR3/2) Coarse
sand. An AC-horizon of dark grayish brown (10YR4/2) sand
extends to a depth of 30 cm. Below this, the matcrial is o)
C-horizon. The soil color, as expected, indicates the sjj is
well drained. The terrace here does not appear (o have beey,
innudated for quite some time. The soil may have begy
exposed since about the time of European settlement in the
area (1870’s?).

Profiles ZII-3 and 4 were on the modem active beach
(4) or in the active wave zone (3). These soils are simply
wave eroded sediments lacking any horizons. The energy of
the modern beach is causing significant retreat of the wave-
cut cliff and reduction of the terrace.

Towner mapping Unit

The occurrence of the Towner series (Mollisol) mapping
unit above the Minnewaukan (Entisol) unit at T153N, R65W
on the Main Bay had been observed at Transect II. Towner
was mapped above both a Claire (Wamduska) and
Minnewaukan soil unit in Transect II on the terrace on the
south side of East Bay. In order to study the relationship of
Towner to the lower lying Entisols, the Towner mapping units
were marked on soil maps (4). From these delineations of
Towner soils, eight were selected for an elevation comparison.
The type pedon for the Towner series for Ramsey County is
located in Camp Grafton. The unit has Lallie (Entisol) below
and Bottineau above. The Bottineau is a forest soil that has
an argillic or well developed B-horizon and is the equivalent
in terms of age and stability as the Towner. Delineation 1 on
the Main Bay occurs just above the 1440 foot contour line of
at approximately 1442 feet. Delineation 2 in Camp Grafton
occurs on and above the 1440 foot line and below 1450 feet.
Delineation 3 on the Main Bay is one mile west of delineation
1. This delineation extends from 1442 feet to the small wave-
cut cliff at 1450 feet. Delineation 4 along Six Mile Bay falls
below the 1445-foot contour only twice (1433 approximately)
and lies below 1450 feet. Delineation 5 is mapped between
1440 and 1450 feet just east of the narrows between West
Bay and Main Bay on the south side in Sec. 29, T153N, R65W-
Delineation 6 lies above West Bay in Sec. 9 and 10, T152N,
R66W. The unit lics above 1445 feet and crosses the 1450
foot contour slightly. Delineation 7 is near Transect II on the
large point that juts into East Bay from the south. It li€S
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petween the 1440- and 1450-foot contour — by extrapolation,
4210 1448 fect. Dclineation 8 is just west of delineation 7.
The delineation starts at the 1440-foot contour and ends just
pelow the 1450-foot contour.
From these data, we conclude that a distinct soil
change consistently occurs at 1440 feet; the soil above 1440
feet has a thicker A-horizon. Wc have observed this along
six Mile Bay. The soil was 18 cm thick at 1440 feet and only
9 cm thick below 1438 feet. We also sampled an clm with
200 growth rings at 1446 feet (1). The Wamduska (Claire)
soils have buried horizons at about this height, as observed
on the terrace at Site II. Callender (3) extensively studied
similar deposits with several buricd soils on the east side of
Creel Bay. He stated these end at 1440 feet, which he
contended was stable for a considerable time period (at least
pefore 1830). Aronow (2) also observed several deposits with
puried soils. We also believe that the 1440 level is quite stable.
The strand lines at 1426 and 1434 feet had Entisols
above and below the strands. Above 1440 feet Mollisolswere

observed even though the higher soils were often steeper.
Therefore the 1440-foot strand line represents a pedological
age break.
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VEGETATION IN THE STRAND ZONES OF DEVILS LAKE, NORTH DAKOTA

C. L. Lura*' and J. L. Richardson®
'Biology Department, Minot State University-Bottineau, Bottineau, 58318
“Department of Soil Science, North Dakota State University, Fargo, 58105

INTRODUCTION

Devils Lake is well known for its widely fluctuating
water levels. Since the Pleistocene, lake levels have fallen
from about 1453 fcet clevation to about 1400 feet in 1940 (1).
The water level has generally risen since. As a result of these
as well as other conditions, the soil and vegetation have also
been dynamic. The plant communities within the strand
zones studied (approx. 1426 to 1440 feet) are a mosaic of
forested shrub, as well as graminoid dominated associations.
This paper will address the general relationships between soil
and vegetation within the Devils Lake basin.

METHODS

Much of this paper is based on the work of Richardson
and Lura (2). The study was conducted during autumn of
1985 to obtain information concerning soil and plant
community development within the strand zones of the
Devils Lake basin. The water level of Devils Lake at that time
was 1426 feet. Six transects (approximately 1422 to 1440
feet) were subjectively selected on major bodies and bays of
the basin. Soil and vegetation data were collected on each
transect as well as at other locations within the basin (2).
Vegetation along the transects was noted, and representative
trees were cored with an increment bore to estimate age by
ring counts.

FIELD INVESTIGATION

The Minnewaukan flats area is characterized by
ponded soils (eg. Lallie and Parnell series). Above the
shoreline, range sites classified as subirrigated (eg.
Minnewaukan) are extensive. Because of the gradual slopes
here, extensive areas of vegetation are expected to exhibit
rapid change in response to water level fluctuations (3).
Salinity is also a major factor influencing botanical
composition (4).

The basin is characterized by Claire and Wamduska
soils on strand zones with interstrand soils of Mauvais and
Minnewaukan. These soils typically support a shrub

dominated community consisting of woods rose (Rosq
woodsii), western snowberry (Symphoricarpos occidentalis),
and silverberry (Elaegnus comutata). Also common ape
scattered strands of aspen (Populus tremuloides), clm (Ul
americana), ash (Fraxinus pennsylvanica), wild plup
(Prunus americana), and chokecherry (Prunus virginianq)
alone or in combination.

Management of these areas (or perhaps more accurately
lack of active management) has been conducive to shryh
invasion. Kentucky bluegrass (Poa pratensis) and other
introduced cool season grasses along with leafy spurge
(Euphorbia podperae) are also invading these sites. Ap
evaluation of management, particularly on public land within
the basin, may be appropriate.

Although aspen is found throughout the basin, it is of
greatest importance in the Grahams Island area and around
the Creel Bay and the Camp Grafton area, particularly on
soils of the Bottineau series (fine-loamy, mixed Udic
Argiboroll). The Bottineau soils occur in the Devils Lake
basin above about 1440 feet. Argiborolls are formed under
forest, and typify the soils of the Turtle Mountain aspen forest
of North Dakota and Manitoba. Common associates of these
stands in separate or mixed communities are bur oak
(Quercus macrocarpa), ash, elm, and boxelder (Acer
negundo).

Tree coring data are summarized in Table 1. Trees
were frequently observed below 1426 feet, however, and
those that were observed, were dead and within
approximately 3 feet of water. Obviously conditions above
1426 have been more stable in recent history and thus more
conducive to tree establishment. Cottonwood (Populus
deltoides) and aspen were commonly encountered, with a
trend toward increased age with elevation. We did not
encounter American elm, however, below 1430 feet, and bur
oak and basswood (Tilia americana) were not encountered
below 1438 feet. It should be noted that several large
American elm were observed between 1455-1450 feet in
Sully’s Hill Game Preserve. These trees had been cut during
1983 due to infestation of Dutch elm disease. Although heart
rot of these trees precluded precise aging, we estimated
several at the site to be at least 200 years old.
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Table 1. Mean age of cored trees by elevation (in feet) for the Devils Lake Basin, 1985 (2).
: Elevation
gpecics
= 1426 1427 1428 1430 1431 1432 1438-46
popults deltoides 44.0 58.0 48.0 52.0 473
populus tremuloides 19.6* 23.7 21.0 23.6 29.3
Fraxinis pennsylvanica 52.0* 44.0 24.0 50.0
ylmus americana 58.0 200.0
uercus americana 51.0
Tilia americana 47.0
# Dead at time of sampling.
Edaphic as well as other factors would seem conducive  designation for much of this area saline lowland,

o greater establishment of trees than observed in the basin. A
sumber of factors may, however, reduce the ability for trees to
become established near the shoreline. These factors likely
include ice thrusting. Ice thrusting may be a principle factor
preventing the establishment of trees in many nearshoreline
locations. Ice thrusting can disrupt and transport large
amounts of the shoreline substrate. The vertical height of
shoreline affected can be greater than 3 feet (5). Conditions
were observed that are consistent with ice thrusting, and
personal communications with local residents confirm that
ice thrusting is common. As a result, graminoids and other
herbaceous vegetation may be quicker to establish. When
conditions do become more conducive to tree establishment,
interspecific competition may limit their establishment.
Water of the Devils Lake chain increases in salinity
from the Big Coulee inlet to East Stump Lake (6). The
influence of salts on vegetation are, as a result, more common
and pronounced in the east end of the chain. Open water
spray and salt blown from the open or exposed salt flats such
as those that occur around East Stump Lake may significantly
influence vegetation (7). These influences, coupled with soils
such as Lallie-saline phase, may be the major factors
influencing community composition here. Range site

characterized by halophytic plants such as inland saltgrass
(Distichlis spicata), foxtail barley (Hordeum jubatum),
goosefoot (Chenopodium spp.), as well as saltwort
(Salicornia rubra) on the more saline sites. As distance from
the shoreline and elevation increases, vegetation typically
becomes a mosaic of aspen stands interspersed in dense
woods rose and other shrubs.
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ARCHAEOLOGICAL STUDIES IN THE DEVILS LAKE BASIN

Fred Schneider* and Dennis Toom
Decpartment of Anthropology, University of North Dakota, Grand Forks, ND 58202

INTRODUCTION

The Devils Lake Basin has received the attention of
archaeologists since the late 1800s. In fact, some of the
earliest archaeological studies in the state were conducted in
this region (1, 2). Unfortunately, many early investigators
poorly documented their research so that today there are
problems in detcrinining the locations of the archaeological
sites reported and/or excavated by these pioneering
archaeologists. Since those early days, the region has
received sporadic attention from archaeologists. Most efforts
have surrounded preliminary surveys in anticipation of the
Garrison Diversion Project, the development of new U.S. Fish
and Wildlife facilities at Sulley’s Hill National Game
Preserve, the development of Graham’s Island State Park,
and most recently, the preparation of archaeological impact
assessments of road improvements related to the flooding of
the lake basin. The result has been that the lake basin as a
geographic unit has never been the focus of a systematic
archaeological assessment program. Most archaeological
studies and most archaeological attention have focused on
areas adjacent to Devils Lake with little work in the northern
portions of the basin. Archaeological projects have been on
an as-need basis resulting in archaeological investigations of
differing levels of magnitude, of differing levels and
requirements of reporting, and distributed in a non-
systematic nature throughout the basin. Generally, few
archaeological excavations have been conducted--the
majority of archaeological work has been in the nature of
preliminary assessments consisting of pedestrian field
surveys and occasional use of limited auger probes or test
excavations.

Despite the above there has developed some baseline
information about the prehistoric cultural resources and the
prehistoric occupation of this region of the state. The
following provides a brief overview of this prehistoric record
as it is documented in the DL Basin.

PaleoIndian

The first prehistoric peoples of the state, the
Paleolndians, are yct to be documented in the basin. These
people resided elsewhere in the state from circa 10,000 to
7000 BP, were hunters of extinct species of bison and other
large game animals, and were the first to quarry and trade
Knife River flint. Archaeological evidence for these peoples

and their cultures is primarily documented in westery ND
with a few artifacts reported from the eastern portion of the
state. PaleoIndian projectile points are reported frop a
locality immediately south of Devils Lake along the Sheyenne
River Valley (3) and from Bottineau County northwest of e
Devils Lake Basin (4). It is assumed that more artifacts and
archaeological sites of this first period of human presence ip
the state will be found in eastern North Dakota and in portiong
of the Devils Lake Basin. However, it is also assumed that the
density of these materials will be considerably less than that of
the western two-thirds of the state (5). In addition, it i
anticipated that these yet to be'identified PaleoIndian sites in
eastern North Dakota will relate primarily to the later part of
the period given what is known about terminal Pleistocene
conditions in the region. In the Devils Lake Basin these late
PaleoIndian artifacts will most likely be associated with
topographic high areas adjacent to large, permanent water
sources which were present from circa 10,000 to 7000 BP.

Plains Archaic

The succeeding Plains Archaic cultural period dates
from circa 7000 to 2500 BP. A distinguishing feature of this
cultural period is the appearance of side-notched projectile
points, the greater use of groundstone tool technology,
intensive plant collecting, and, early in the period, the
hunting of an extinct species of bison, Bison occidentalis.
Much of this cultural period is associated with marked
fluctuations in climate and extended periods of aridity, events
known as the hypsithermal or altithermal. The Archaic
period is associated with the expansion of grasslands to the
north and east of the Plains. The Archaic is divided into three
cultural-chronological units. The Early Archaic (7000 to
5000 BP) is associated with the Logan Creek/Mummy Cave
complex and the Oxbow complex. The earliest documented
human presence in the Devils Lake Basin is the Oxbow
complex in the form of Oxbow projectile points identified at
the Irvin Nelson site (6), located along the south shore of
Devils Lake. The Oxbow complex is dated elsewhere from
5500 to 3000 BP, overlapping with Middle Plains Archaic.
Oxbow points have been reported from throughout much of
the state. The Middle Archaic is associated mainly with the
McKean complex which dates from 5000 to 3000 BP.
McKean complex artifacts have been observed and recorded
in collections from throughout the state, and have been
recovered from the Irvin Nelson site, as well. The Lat
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chaic, best known from the Pelican Lake complex, is dated
600 to 2100 BP. Artifacts of this complex are also noted
(the Irvin Neclson site as well as at sites throughout the state.
B strongly suspected that additional sites and artifacts of the
quhaic period complexes will be found elscwhere in the
grevils Lake Basin, and that many of these sites may also be
ocated along former shorelines of the lakes within the basin.
The Irvin Nelson site (32BE208), on the south shore of
pevils Lake, is located in the headquarters compound at the
sulley’s Hill National Game Preserve. The site ranges in
qurface elevation from 1450 to 1458 fect above mean sea level
(ams}), at or just above the highest level of Devils Lake. The
Archaic period occupation of the site is reported to be covered
by what the investigator identified as “wave-action deposited
jittoral sand”(7). Radiocarbon dates from this lower cultural
sone are 2860+£70 BP, 1820+170 BP and 1160+60 BP.
Unfortunately, there are serious geological and archaeological
interpretative problems with this site. Excavation notes,
stratigraphic profiles, artifact, and radiocarbon sample
provenience data are poorly documented and it is impossible
to clearly determine the association of particular strata,
artifacts, and radiocarbon dates. This is unfortunate for the
site covers a broad area spanning elevations relating to early
lake levels. It is impossible to determine whether particular
artifacts and/or radiocarbon dates are from below or above the
elevation of the high lake level. The earliest radiocarbon date
would be appropriate for dating the Late Archaic (Pelican
Lake) component at this site.

Plains Woodland

The next cultural period, Plains Woodland, dates from
circa 2200 to 1000 BP, and is linked to the appearance of
pottery, earthen burial mounds, and in its last phases, the bow
and arrow. The majority of the archaeological sites recorded
in the Devils Lake basin are of this cultural period. The
carthen burial mounds have attracted the attention of
archaeologists and others since the last century and have been
the focus of many past investigations. Unfortunately, the
record of this work is frequently lacking information as to the
location of excavation and the description of the structure and
Content of these mounds. The excavations at the Irvin Nelson
site also recovered artifacts associated with the Woodland
Period. Specifically, artifacts were recovered from Middle
and Late Woodland cultural complexes, including Besant
and Avonlea projectile points and Laurel-like and Sandy
Lake ceramics. Two radiocarbon dates from this site would
appear to be associated with the Middle Woodland
Occupation (1820+170 BP and 1340+120 BP).

Early, Middle, and Late Plains Woodland occupations
are reported for the Horner-Kane site (32RY77) in Graham’s
Island State Park (8, 9). The site is located on the southeast
tnd of the island, and ranges in elevation from 1454 to 1477
feet amsl. The main Woodland occupations at Horner-Kane

are located in the higher elevation parts of the site, above the
highest wave-cut bench on Devils Lake which is at an
elevation of about 1450 feet amsl. Organic residue from a
Laurel-type rim sherd from Homer-Kane yielded a
radiocarbon age of 1140+50 BP, and organic residue from a
Middle Woodland body sherd produccd a radiocarbon age of
1910+£50 BP. The Laurcl rim date falls within the Late
Woodland period, which is consistent with the presence of
Black Duck pottery in the assemblage.

It is remarkable that Middle Woodland pottery from the
lower clevation part of the Horner-Kane sitc appears to have
been eroded by wave-action. The cultural deposits here are in
a sandy loam developed from beach deposits composed
mainly of sand and gravel. Whether these eroded and
rounded pottery sherds indicate that lake levels rose after the
Woodland occupation of the site, whether post-Woodland
occupation wave-action has eroded the shoreline exposing a
previously buried Woodland occupation, or whether that the
Woodland occupation was directly on the shoreline of the
lake is not understood. Also of interest is the fact that later,
post-Woodland occupation artifacts in this area have not been
subject to the same kind of erosive forces, suggesting a post-
Middle Woodland lowering of lake levels.

Late Woodland occupations are present at the Irvin
Nelson site, the Horner-Kane site, and at the Sharbono site
(32BE419). A radiocarbon date from the Irvin Nelson site of
1160+60 BP could date the Late Woodland occupation of the
site. The Sharbono site is situated on the southwestern
portion of Graham’s Island at an elevation of 1450 amsl (10).
The Late Woodland occupation at Sharbono is minor in
comparison to its later Plains Village occupation.

Another excavated site in the region is a large mortuary
complex southeast of and overlooking Sweetwater Lake (11).
32RY100 was a prehistoric cemetery disturbed by gravel
quarrying. The site is on a small hillock at elevations ranging
from 1450-1510 feet amsl. The remains of 30 individuals
were found in seven graves. There was no evidence of an
earthen mound over the graves and few artifacts were found
in association with these individuals. A single radiocarbon
date was obtained from the organic matrix of one grave pit
and provided an age of 1140+110 BP. It is not certain as to
precisely which cultural period and complex these burials
relate to. The nature of the interments themselves and the
associated radiocarbon age point to a Late Woodland
affiliation. Nevertheless, an early Plains Village affiliation is
not beyond reason. Unfortunately, a bulldozer had disturbed
much of the site integrity and, possibly, greatly obscured the
cultural identity of this site.

Plains Village
The Sharbono site is also noted for the presence of

pottery from the next major cultural period, the Plains Village
period. This period begins approximately at 1000 BP and

PROCEEDINGS OF THE NORTH DAKOTA ACADEMY OF SCIENCE, VOLUME 51, 1997



22 SyMpPosIUM

lasts through the time of carly historic White contact. In
North Dakota, Plains Village culture was centered in the
Missouri River valley, well to the southwest of Devils Lake.
However, a significant Plains Village presence has been
identified in castern North Dakota, including the Devils Lake
area (12). The hallmarks of Plains Village culture are a
semisedentary scttlement pattemn, characterized by use of
permanent earthlodge villages, some of which were fortified,
and a mixed subsistence strategy based on horticulture, or
garden agriculture, as well as hunting and gathering.
Distinctive forms of pottery are also associated with Plains
Village.

The Sharbono site is identificd as having an occupation
of this cultural period on the basis of its ceramic collection.
Most of this occupation is associated with a dark, sandy loam
which has developed from coarse beach sands. Itis of interest
that there is supposed to be a village of thc Hidatsa on
Graham’s Island, a village occupied prior to thcir move to the
Missouri River valley (13). The Plains Village pottery at the
Sharbono site may represent the former use of this locale by
the Hidatsa and/or other Plains Village peoples. Plains
Village pottery at the Irvin Nelson site is most likely
associated with a radiocarbon date of 400+100 BP. Plains
Village pottery was also found at the Homer-Kane site.
Organic residue from a Sandy Lake-type rim from Horner-
Kane produced a radiocarbon age of 740+50 BP, and organic
residue from a Buchanan-type rim gave a radiocarbon age of
730450 BP. Buchanan ware is directly linked to Plains
Village, whereas Sandy Lake is generally thought of as Late
or even terminal Woodland. The types do co-occur with
considerable regularity, indicating a blending of Plains
Village and Plains Woodland traits in the Devils Lake region
and elsewhere in eastern North Dakota. A protohistoric, or
late Plains Village, occupation also has been identified in the
lower elevation part of the Horner-Kane site on the basis of its
ceramic content and an associated radiocarbon ages of
250440 and 290+40 BP (14).

Changing Lake Levels and Archeological Periods

The prehistoric human presence in the Devils Lake
Basin was one which was affected by past changes in lake
levels and changes in the resource base within and
surrounding the basin. Extended periods of drought would
clearly have affectcd lake levels, water potability, availability
of aquatic resources, and the variety and numbers of potential
mammalian food resources. Extended droughts also would
have been at the expense of forest resources needed for
protection, construction materials, and fuel. Gregg (15) has
speculated that prehistoric human occupation of the Devils
Lake Basin was greatest when lake levels were high, insuring
a viable resource base. In this regard, it is remarkable, but not
surprising, that all recorded habitation sites around Devils
Lake occur above 1450 feet amsl, the approximate level of the

highest wave-cut bench surrounding the lake, apq als
approximatcly the highest possible lake level before j WOl;l
drain naturally into the Sheyenne River via Stump Lok, B .
it is not surprising that all prehistoric habitation s , *
above 1450 feet around Devils Lake because maximyp, l‘ )
levels that have occurred in the recent past woulq hay
completcly obliterated any lower elevation sites. e
Callender (16) indicates that Devils Lake fluctuateg
throughout its 10,000 year history, and that there we
marked periods of high and low water. Bluemle (17) Teports
the presence of buricd soils beneath beach deposits along lh‘e
north shore of the lake. These are interpreted us marking
episodes of stability in the lake, punctuated by increaseq lake
levels with overflow to Stump Lake and the Sheyenne Rivye
beyond during high water episodes in the basin (18). Foyr of
these episodes of soil formation arc dated between 3001 ¢
1500 BP, and a fifth dates to about 800 BP. Combining (i
information with what is known about post-Altithermg
prehistoric human occupation around Devils Lake, the

- suggestion is made that high lake levels were present, at one

time or another, during all major cultural periods from Plaing
Archaic (Oxbow) through Plains Village. We do noy,
however, have sufficient information at this time to determine
whether or not the area was essentially uninhabited during
episodes of low lake levels. Additional site investigations and
many more radiocarbon dated components would be
necessary to make such a determination. Nevertheless, this
finding is significant because it raises the clear possibility of
using archaeological data to better understand the dynamics
of the Devils Lake system.

CONCLUSIONS

The above is a brief account of the sites that have been
excavated in the Devils Lake Basin and, based on this
information, what we know about the prehistoric past of the
area. Numerous other sites have been located and recorded,
and most not being the focus of text excavations or st
excavations are poorly understood as to their cultural identity.
The Devils Lake Basin has always been a dynamic system,
one which has affected humans and their use of this region
throughout prehistoric time. One would assume that this
region was a valued area for prehistoric peoples as regards its
availability of water, shelter, fuel, and varied food resources.

The presence of numerous earthen burial mounds
located generally on high points around Devils Lake speaks 10
the presence of Woodland and perhaps early Plains Village
peoples in the region. It is expected that future archaeological
surveys and excavations will reveal greater indications of the
presence of sites and artifacts of these peoples than that
presently recorded. One should also expect additional finds
of Plains Archaic sites. It appears that archaeologists would
be adviscd to concentrate their search for evidence for thesé
peoples in localities adjacent to current lakes and &
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clevations above 1450 fect amsl. Those areas offcring.some
rotection from prevailing westerly winds, adjacent to timber
for fuel, and offcring a variety of potential plants for foods,
medicines, and raw matcrials would be most likely highly
favored by prchistoric occupants of the region.

While the above has focused on prehistoric cultural
[esources of the basin, one should not overlook the
significance of historic European American and Native
American usc of the region and the presence of numerous
historiC archaeological sitcs and structures that rclate to the
Devils Lake Sioux Reservation, the military presence at Fort
Totten, the fur trade, pioneer homesteads, the citics of Devils
Lake and Minnewauken as well as many other small towns of
the region, several short-lived speculative railroad
communitics, structures related to railroad history, and
highway bridges. This is a region rich in many cultural
resources which have contributed to the devclopment and
history not only of the Devils Lake Basin but of the state of
North Dakota as a whole. The survey, inventory, and
evaluation of these historic resources suffer from many of the
same problems as do those of the prehistoric period. Our
knowledge of the human presence and use of this region is
poorly developed at best, but there is great potential through
the study of prchistoric and cultural resources to contribute
substantially toward our understanding of the past and to
better comprehend how our present world and lives came into
existence.

In closing, we can note once again that high water
levels in Devils Lake are nothing new, and the up and down
cycle of the lake will certainly be a significant factor in the
human occupation of the area in the future. Prehistoric
peoples appear to have adapted to this environmental variable
by occupying the high ground. We would suggest that such a
solution to the current Devils Lake problem may not yet be
outdated.
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THE DEVILS LAKE FISHERY
HISTORICAL, CURRENT AND FUTURE PERSPECTIVES

Terry R. Steinwand*
North Dakota Game and Fish Department
100 North Bismarck Expressway
Bismarck, ND 58501

INTRODUCTION

Devils Lake is rich in history and lore. The area has
also been one of controversy whether water Icvcls are low, as
in 1991, or high, as at the present time. This paper is a
compilation of historical and current information regarding
the fishery of Devils Lake as well as a future perspective.

The fishery of Devils Lake has been an extremely
valuable resource, which is primarily a function of the
excellent sport fishery that has resulted during adequate
water conditions. The lake has historically exhibited water
level fluctuations which led to a tremendous fishery but has
also the been the cause for their demise.

HISTORICAL PERSPECTIVE

Historical references to the fishery of Devils Lake is
somewhat limited and much is anecdotal in nature. The
earliest references to the fishery of Devils Lake were by Lord
(1), Woolman (2), and Pope (3) but is limited in scope. Devils
Lake has always experienced water level fluctuations and the
fishery has consistently followed those fluctuations. The
Devils Lake area has often been described as one of little or
scanty rainfall (2, 3, 4). These observations were undoubtedly
made at a time when Devils Lake elevations were declining
rather that increasing as they have in the period from 1993
through 1997. Northem pike (Esox lucius) were not
abundant in an 1892 survey but there is anecdotal evidence
that pike (referenced as pickerel in the report) were the most
abundant species (2). A winter fishery was evidently present
prior to that time since pike were taken with hook and line
during the winter season in great numbers, piled up and sold
literally by the cord. Brook stickleback (Culaea inconstans)
were evidently doing well at that time and actually increasing
in number.

Pike disappeared around 1889 (2, 3) and no game fish
species were found to be present until documented human
intervention in the middle of the 20th century. Historical
survey methods, however, are suspect since only seines and
small traps were used, which are not conducive for the capture
of adult northern pike. Prior to 1889 Devils Lake was
allegedly “teeming” with pickerel. The average fish weighed
between 5 and 6 pounds (2.27 to 2.72 kg) with a number of 17

or 18 pound (7.72 to 8.17 kg) fish being caught (3). One
specimen allegedly weighed 19 pounds (8.63 kg). Tpe
average length of these fish was 2 fect (610 mm) with (e
largest measuring 3 feet (914 mm). Using present day dagq
(5), a 5 or 6 pound northern pike should measure between 27
and 29%; inches (686 and 750 mm, respectively). Using 5
maximum length of 36 inches as reported (3), the pike woulg
weigh about 10%2 pounds (4.76 kg), which is significantly less
than reported. Evidently fish stories haven’t changed much
throughout the years.

Pike under seven inches(178 mm) were rarely seen or
caught during this time frame, which may be an indication of
inconsistent or nonexistent natural” reproduction. This is
speculation at best since young-of-the-year northern pike are
not normally caught by hook and line nor are they readily
speared. They also do not normally participate in the
spawning migration nor associate with the larger fish.

Creel Bay was evidently the principal fishing ground
prior to 1889, which at that time touched the city of Devils
Lake but at the time of the survey in 1907 was as 1.5 miles
from the city (3). The greatest abundance of pike appeared to
be from 1884 through 1887 during which time the “narrows”
of Creel Bay, which is approximately where the lagoon dike
currently exists, was a popular spot. The pike migrated
through this area during spawning and were speared by the
thousands. According to reports, a U.S. agent at Fort Totten
purchased 2 carloads at one time and the Devils Lake butcher
had a standing order for 1,200 pounds daily. There was no
attempt to protect the fish from over-harvest or sustain the
population.

The historic origin of northern pike is speculative but
they may have been stocked by local immigrants as the
abundance of pike has been associated with the influx of
Scandanavians to the Devils Lake area. A more plausible
explanation is movement through the Rock Lake drainage
during periods of high flow such as that seen in the mid
1800’s. This is based on recent information that recorded the
common carp (Cyprinus carpio) in Rock Lake during the
summer of 1995. Local contacts also note that northern pike
are often seen in these drainages during spring runoff (6) even
though the lakes in these areas of North Dakota are subject {0
winter kill. They have been unable to move through Mauvais
Coulee because of a railroad grade currently acting as 4
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er. It's belicved that this obstruction was not in place
Gor 10 the 1860’s z}nd pike cguld.have had several years of
jzation in Devils Lake via this route.
The major loss of pike evidently occurred during the
winter of 1887-88. One document (3) reports that “pickerel

ere discovered by the wagon loads, dead along the shores
and sloughs at the south end of Dry Lake.” Apparently they
acted similar to that of the present time, i.e., migrate upstream
quring spawning and remain in those areas if favorable
conditions and adcquate food supplies arc present. Often
imes they become trapped and ultimately succumb to
winterkill conditions, which appears to be a major factor in
the die off of 1887-88.

There is speculation on reasons for the disappearance of
porthern pike from Devils Lake (3, 7). Over fishing and
destructive fishing methods, the “corrosive™ cffect of lake
water, loss of spawning grounds, absorption of moisture by
plowed lands and even the possibility of underground outlets
1o the lake, are some explanations that have been offered.
Most are logical and it’s likely that a combination of the
factors led to the extirpation of northern pike from Devils
Lake, with the exception of the underground outlets.
Salinities can be somewhat discounted as a major causative
factor in the drastic decline since acclimatization
experiments were also performed using northern pike, white
sucker (Catostomus commersoni), bullhead (Ameirus
nebulosus), yellow perch (Perca flavescens), and largemouth
bass (Micropterus salmoides) (3). Samples of these fish were
held in cages for times ranging from 4 to 75 days with little
mortality expericnced. Based on these experiments it was
concluded that these species were not affected by the lake’s
current water quality. It appears that TDS levels at that time
were approximately 9,500 ppm. This is higher that what is
currently present but lower than recent concentrations during
which time fish survival still occurred. That fish were still
present in the early 1900’s is evidenced from the capture of
sticklebacks in the Mission Bay area. In addition, “minnows
with nuptial tubercles”, presumably male fathead minnows
(Pimephales promelas), were also found.

The period that followed the dramatic loss of the
fishery, circa 1889 through 1955, has sparse information on
the fishery resource.  Information reiterates what had
previously been reported on the fishery of the lake (7). High
BOD’s and salinities likely made it a highly inhospitable
evironment for most fish species other than brook
stickleback and fathead minnows.

colon

CURRENT FISHERY

_ Rising water Icvels in the mid-1950’s renewed interest
I establishing a sport fishery in Devils Lake. A cursory
Survey of the lake in May 1955 by the North Dakota Game and
Fish Department revealed nothing for sport fish, with only
O white sucker being captured in West Bay, which

indicated some fish survival during the previous winter.
Heavy spring flows in 1956 and lake levels rising to 1416 feet
msl prompted the North Dakota Game and Fish Department
to experimentally stock 50,000 northern pike fingerling into
Devils Lake from the Valley City National Fish Hatchery (8).
A subsequent survey in September of 1956 -found that
northern pike survived and exhibited fairly good growth. As
a result of this survival further introduction of northern pike
occurred again in 1957 and 1958. An excellent fishery in
1958 allegedly resulted from these two fish introductions.
Surveys in the fall of 1958 indicatcd over-winter survival had
occurred and a fair population of northern pike had become
established. Pike as large as 24.5 inches (622 mm) were
found, with fish at least 2 years old, which provides further
evidence that survival over-winter had occurred. Although
survival was noted, water levels were once again declining
and it was fclt that the present water levels of Devils Lake
would not allow survival during the winter of 1958-59. It was
recommended that no further stocking of northern pike occur
until such time that lake levels return to the 1955 levels,
which was approximately 1415 feet msl (9). A severe winter
kill occurred during the winter of 1958-59 and surveys in
1959 indicated minimal survival occurred (10). Stocking or
surveys were not performed from 1960 through 1966.

The dynamic nature of Devils Lake once again
surfaced, with water levels partially returning to
approximately 1412 feet msl in 1966. A survey found only
brook stickleback and fathead minnows, but a decision was
made to once again attempt to establish a sport fishery based
on rising water levels. In May 1967, 26,250 northern pike
fingerling were introduced from the Garrison Dam National
Fish Hatchery. Water levels were considered marginal but
the rising hydrograph indicated that survival was likcly. This
planting, in association with subsequent northern pike
stockings, survived and was ultimately the beginning of the
modern day recreational fishery of Devils Lake.

The present day fishery is a result of North Dakota
Game and Fish Department’s effort to provide a variety of
fishing opportunities. Other species, in addition to northern
pike, have been stocked. The species stocked from 1969 to the
present were walleye (Stizostedion vitreum), yellow perch
(Perca flavescens), white bass (Morone chrysops), crappie
(Pomoxis spp.), muskellunge (Esox masquinongy), striped
bass (Morone saxatilis), and tiger muskie (E. lucius X E.
masquinongy). Not all introductions have been successful
with crappie establishing only a moderate population and
striped bass being of some controversy years after its
introduction.

Northern pike have not been continuously stocked into
Devils Lake since the present day fishery has become
established. In a period from 1972 through 1980, pike were
not stocked into Devils Lake yet sustained a relatively healthy
fishery. Local references (11,12) and Game and Fish
Department data (6) indicate that recreational fishing and
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northern pike reproduction was good during this period. This
is during a period of time when lake elcvations were
increasing quitc dramatically. It’s interesting to note that
during the period when Devils Lake elevations slightly
decreased (in 1973) it was also during a time that pike
reproduction was not found during sampling.

The present day walleye fishery was established
beginning in 1970. At the time, northern pike were still the
fish of choice for the recreational angler but walleye have
since surpassed the pike as the angler’s first choice. As with
most other game fish species, the walleye population has
fluctuated with water levels but is somewhat less dependent
than is northern pike or yellow perch. The population is
largely sustaincd through stocking activities of the North
Dakota Game and Fish Departmént. Natural reproduction is
limited even during high water years because of sparse
substrate, e.g., clean rock/cobble, suitable for spawning.
Salinities also affect survival of walleye but to a lesser extent
than other species since natural reproduction is limited by
other factors (5). Although water levels are not a factor for
spawning and dircct survival, they become a large factor for
food production and the ultimate population structure.

During the same time frame as walleye, the yellow
perch population became a popular winter fishery, thus
bringing nation-wide notoriety to Devils Lake. This sport
fishery actually began developing in 1969 when water
elevations increased from 1412 feet msl to 1428 feet msl in
1983. A strong year class in 1982 was the primary reason for
the rapid population expansion. The abundance of grass
shrimp (Gammarus lacustris) in the lake was a large reason
for the fast growth of yellow perch (13).

The fish assemblage of Devils Lake is unique to North
Dakota since it is one of the few that exhibits a large
proportion of the fish biomass being dedicated to desirable
species, i.e., northern pike, walleye, yellow perch, white bass,
and crappie. The major game species comprise over 99% of
the fish biomass present, with white sucker and black
bullhead comprising the remainder, i.e., <1%. White sucker
have historically been present in Devils Lake (1,2,3,9) but the
bullhead didn’t appear in any records until 1969 (6). The
source of bullheads may have been remnants of the
experiments from the early 1900’s but this is unlikely. It’s
also possible that the fish were introduced via “bait bucket”
transfer. A primary rumor is the U.S. Fish and Wildlife
Service (then the Bureau of Sport Fisheries and Wildlife) was
responsible for stocking the fish into the lake. Under any
scenario they have never presented a problem of over-
population.

The fishery of Devils Lake is an important component
of the local economy. Several creel surveys performed since
1988 show that the fishery of this large, natural lake directly
contributes between $12 million and $27 million annually to
the economy (14,15). The contribution is largely dependent
on access to the fishery and the fishery itself. When fish

populations are high (when water levels are adequate) fi
pressure and success is also high. When fish popy]
consistently low (when water levels consistently receqe)
fishing pressure declines and participation follows Suit, e

The drought of the late 1980’s and early 199(rg
devastating to all fish populations of Devils Lake, Natury
reproduction of most species was almost non-existent due
a combination of insufficient spawning habigg; ang
increasing salinities. Although habitat conditions were harsp
during this period the longer lived species, e.g., walleye anq
northern pike, were able to sustain populations becayge of
their life span and some successful stocking activitics, The
white bass was actually able to expand its population gyq
became a major component of the recreational fishery (16)
A major concern during this time frame was relatively Joy,
winter dissolved oxygen levels, which became critically 1oy,
during the latter stages of the drought (6). There was fear thy
the fishery would once again be lost because of major winger
kill when lake elevations reached 1422 feet msl. This wag
speculative and not based on empirical data but on past
observations that major winterkill conditions occurred
between 1416 and 1422 msl (2, 3, 6).

Although stocking can and does occur frequently, the
best fishery is established when fresher and higher water
conditions are present. This is a result of better habitat, better
food supply and more hospitable conditions. A number of
changes has forced human intervention with varying results.
The Creel Bay area has been lost for northern pike spawning,
Changes have reduced the northern pike migration up
Mauvais Coulee because of obstructions. Yet the dynamic
nature of the fish has still allowed it to thrive when adequate
climatic conditions are present. However, future changes and
losses may be the final demise.

Salinities have also been a factor in the fishery of Devils
Lake; although it’s doubtful that they have been the direct
cause of any catastrophic declines they certainly have an
impact on fish reproduction. The major game species (yellow
perch, walleye, and northern pike) tolerate salinities up 0
about 12,000 micromhos. Salinity tolerance is lower for
reproduction than for adults. Reproduction of yellow perch,
white bass, and crappie occur in those waters Wwith
conductivities less than 2,000 to 3,000 micromhos. On the
upper end of the scale, fathead minnows and brook
sticklebacks reproduce in salinities of about 6,000 and 1 1,000
micromhos/cm, respectively (17). This is not surprising sincé
these two species are those that were found when gamé
species were not present (2, 3, 7).

The fishery of Devils Lake has not been without
controversy. The common thread of water levels has initialed
the controversy revolving around the fishery even though it
has never been the “driving force”. During the drought of the
early 1990’s, the lake was perilously close to a massive wintéf
kill. At that time water from the Missouri River via the
Garrison Diversion was once again proposed to raise watef

. ship
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jevels and save the fishery. Alternatives such as partitioning
he lake were also discussed. All options met with some
sition. It's recognized that a consistent supply of fresh
water is @ requisitc for maintaining the fishery but it’s not
without some long term risks. Although salinitics are not
thought to havc been a major factor in past fish kill situations,
hey could be s0 in the future. Import of Missouri River water
would also be an introduction of salts since it is not distilled
water. However, the runoff that has filled the lake in the past
js also not distilled water. It’s felt by some that salt is
yransported out of the basin during drought years via wind
action and a cycle is maintained throughout the centuries. If
the salt is not transported from Devils Lake it will eventually
pecome as salty as the Great Salt Lake of Utah and not sustain
fish life. An equally important issue is the import of species
pot currently in Devils Lake, e.g., common carp. The basis of
the food web in Devils Lake is the grass shrimp. Carp would
undoubtedly negatively impact that population as would
species such as goldeye (Hiodon alosoides), which would
have a direct impact on the existing fishery of Devils Lake.
Controversy has also come from high water years. In
recent years, an outlet rather than an inlet has been seriously
discussed. The introduction of striped bass, a non-native fish
species, bacome a pivotal issue in possible transport of Devils
Lake water to the Sheyenne River, which ultimately runs to
Manitoba. Manitoba felt that introduction of striped bass
would seriously harm their high valued fishery of Lake
Winnipeg. Through minor research (18,19) and
communications with Canada, this is no longer a major issue.

SUMMARY

Devils Lake has consistently shown a history of being a
boom or bust fishery. The historic fishery was established
largely by movement from other drainages and northern pike
ultimately established a population. The current fishery is
largely a result of human intervention through stocking
activities with high water levels providing excellent
conditions for sustaining fish populations. As water levels
decline, fishing is extremely good for a period of time because
of natural crowding. However, natural reproduction
ultimately is inadequate to maintain fishable populations and
Stocking may be marginal for maintaining a stable fishery.
History proves that consistent decline ultimately leads to the
death of Devils Lake’s fishery. Thus, a consistent water
Supply is required for maintenance of the sport fishery but the
approach must be cautious. We will undoubtedly have

another drought that will negatively affect the fishery. The
options are somewhat limited, i.e., live with declining water
levels or add an alternative source of water with unknown
long term impacts. The benefits must be weighed against the
costs before a final decision is made. Prior to that time the
question of salt balance and transport needs to be answered.
Without those answers we may be sentencing Devils Lake to
a future death.
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PHYTOPLLANKTON DYNAMICS IN DEVILS LAKE UNDER VARYING HYDROLOGIC CONDIT]()NS

Harry V. Leland* and Wayne R. Berkas
U. S. Geological Survey, 3215 Marine Street, Boulder, CO 80303, and 821 East Interstate Ave., Bismarck, ND 5850

Annual variation in algal assemblages of hyposaline
lakes in North America is poorly documented, as are the
environmental factors contributing to changes in community
structure. In the present study, annual and seasonal variation
in algal biomass and structure of phytoplankton assemblages
of the major sub-basins of Devils Lake (West, Sixmile, Crecl,
Main and East Bays) and East Devils Lake in North Dakota
were examined in relation to ambient concentrations of major
ions, trace elements and nutrients, and the standing crop of
herbivores. The hydrologic budget of Devils Lake is tied
closely to climate, and fluctuations in the balance between
precipitation and evaporation result in major changes in lake
level and major-ion concentrations. The early period of study
(1988-1992) was one of decreasing lake levels; however, in
subsequent years (1993-1994) historically large volumes of
water flowed into the lake. Consistently high concentrations
of reactive-P relative to inorganic-N indicate that Devils Lake
and East Devils Lake are nitrogen limited; benthic fluxes are
a dominant source of both constituents. The variation in SiO,
concentration indicates a high rate of internal recycling related
to phytoplankton production.

Samples taken to determine concentrations of chemical
constituents in water and to quantify biomass and structure
of algal assemblages were a composite of three grabs
(Kemmerer) from equidistant depths of the photic zone (>1%
of incident radiation). The constituents generally were
uniformly distributed with depth due to wind-driven
circulation, except when the lake was ice-covered.
Community structure data for each season were summarized
primarily by correspondence analysis (CA), an indirect-
gradient ordination, and canonical correspondence analysis
(CCA), a direct-gradient method (1).

Changes in lake level during the seven-year study were
accompanied by relatively minor changes in algal biomass.
In contrast, the annual variation in community structure of
Devils Lake and East Devils Lake was large. Distributions of
site scores on CCA axes 1 and 2 for winter (February) and
spring (May) assemblages primarily expressed annual
variation in species abundances; inter-site differences in
assemblage structure were minor in comparison. Relations
among measured environmental variables and algal
abundances in summer (July-August) and autumn (October)
expressed both annual and inter-site variation. Significant
(p<0.05) variation of independent (variance inflation factor
<10) environmental factors on the four CCA axes were as
follows: nutricnt concentrations (reactive-P, organic-N, SiO,
and Ca) on CCA axis 1; temperature and total-P on axis 2;
pH and Ca on axis 3; and inorganic-N and total-P on axis 4.

Although a significant variable regulating algal commyp;
structure, dissolved solids concentration was not strongly
correlated with any of the CCA axes. Thus major Nutriepy
concentrations and water temperature accounted for more of
the annual variation in phytoplankton structurc than dig
salinity during the period of study.

The cyanophytes Aphanothece sp., Chroococcus sp.,
Microcystis aeruginosa and Rhabdoderma sigmoidea were
the most abundant taxa in winter 1989 assemblages of Deyilg
Lake and East Devils Lake. In contrast, the dominant taxa i
Devils Lake in winter 1990 were the chlorophytes
Kirchneriella lunaris and Dunaliella sp., the cryptophyte
Chiroomonas sp., and the diatom Cyclotella meneghiniang,
Aphanothece sp. and R. sigmoidea were abundant again in
winter 1990 in East Devils Lake, while K. lunaris and C,
meneghiniana were co-dominants. The chlorophytes
Chlorocystis minor and K. lunaris were dominant species in
Devils Lake in February 1991 and 1992, whereas Dunaliellg
sp. was the most abundant species in East Devils Lake. C.
minor was the most abundant algal species at all sites in
February 1993 and 1994, but biomass of this species was less
than that of the previous two years.

The cyanophytes Aphanizomenon flos-aquae, M.
aeruginosa, Aphanocapsa sp. and Pseudoanabaena mucicola
dominated the summer 1989 assemblages. M. aeruginosa
and the diatom Stephanodiscus cf. alpinus were dominant
taxa at all sites in the summer of 1990. A. flos-aquae also
was a co-dominant in Devils Lake in summer 1990, whereas
Nodularia spumigena was more abundant in East Devils Lake.
C. minor and M. aeruginosa were abundant at all sites in the
summer of 1991 and 1992. Aphanocapsa sp. was a Co-
dominant in summer 1991, whereas A. flos-aquae and F.
mucicola were co-dominants in summer 1992. A. flos-aquae
and M. aeruginosa dominated the summer 1993 assemblage,
and C. minor, M. aeruginosa and P. mucicola dominated the
summer 1994 assemblage.

Standing crops of secondary producers and planktonic
consumers also varied substantially from year to year. Devils
Lake supports a large standing crop of herbivorous
zooplankton dominated by the copepods Diacyclops thomasi
and Leptodiaptomus sicilis; the cladocerans Ceriodaphnia
quadrangula, Chydorus sphaericus, Daphnia pulex and
Diaphanosoma birgei; and the rotifers Brachionus spp-
Filinia longiseta and Keratella quadrata.

1. ter Braak, C.J.F. (1986) Ecology 67:1167-1179.
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HISTORICAL CLIMATE OF THE DEVILS LAKE REGION

Paul E. Todhunter*
Department of Geography, University of North Dakota, Grand Forks, ND 58202-9020

Introduction

Devils Lake, a permanent terminal lake which drains a
8,600 km? closed drainage basin (1), is a unique hydrologic
system subject to rapid and significant lake-level fluctuations
due to the dynamic nature of lake inflow, dircct precipitation,
and lake evaporation. Rapid and large lakc-level fluctuations
are a natural property of terminal lakes, particularly in the
dry-subhumid environment experienced by the Devils Lake
region (2). The objectives of this paper are to (1) review the
historical climate of the Devils Lake region to establish a
climate bascline, (2) document the nature of climate change
and climate variability within the basin during the
instrumented period, and (3) identify possible climate-related
trends which may help explain the major lake-level changes
that have taken place during the period of European
settlement.

Methods

Because of the lack of high-quality long-term climate
stations located within Devils Lake Basin, climate data for
Langdon Experiment Station was used to document the
historical climate of the basin. Langdon Experiment Station
(48°45°N, 98°20°W, 492.3m) is located approximately 60
miles to the northeast of the City of Devils Lake and is a field
research station maintained by the North Dakota Agricultural
Extension Service. The station is part of the United States
Historical Climatology Network (HCN), a collection of long-
term monthly temperature and precipitation data for 1221
stations within the conterminous United States maintained
for the purpose of analyzing long-term climate trends. All of
the data are serially complete, and have been corrected for
biases introduccd by station moves, instrument changes, time-
of-observation effects, and the artificial warming created by
the urban heat island cffect. The network is considered to be
the best available datasct for the analysis of long-term climate
trends (3). Although Langdon Experiment Station is not
located within the basin proper, previous experience in
Quantifying the spatial correlation fields of mean annual
temperature and annual precipitation support the assumption
that the small distance separating the study site and the climate
Station (60 milcs) has an insignificant effect upon the study
results,

The climate variables examined include mean monthly
air temperature, mean monthly maximum air temperature,

mean monthly minimum air temperature, and monthly
precipitation. Monthly totals were used to construct annual
and seasonal values of these four variables to produce a broader
array of climate variables. Annual totals are the mean (or
total) of the 12 monthly values, whilc seasonal totals are
averages (or totals) of the following months: winter (DJF),
spring (MAM), summer (JJA), and fall (SON). Other
variables were constructed from these primary data to provide
a more complete picture of the study area historical climate.
These included the 1) mean annual and mean seasonal daily
temperature range, 2) the cold season (Oct-Mar) and warm
season (Apr-Sep) precipitation totals, 3) the ratio of
standardized winter to standardized summer precipitation
(PRATIO3), and 4) the ratio of standardized cold season to
standardized warm season precipitation (PRATIOG6). These
latter two variables identify any seasonal variation in the
distribution of precipitation within a climatological year (4).

Annual precipitation data were also obtained for the
Devils Lake KDLR climate station (48°07°N, 98°52’W,
446.2m) from the USGS Bismarck office (Greg Wiche,
personal communication). A seasonal and annual historical
time series of mean sunrise to sunset cloud amount was
compiled for Bismarck WSFO (46°46’°N, 100°45°W, 502.0m)
to identify historical changes in cloudiness within the region.
This information was obtained from the Historical Sunshine
and Cloud Data in the United States data base (5). Although
this data set contains the most complete and highest quality
cloud amount time series available to the research community,
a station move at Bismarck did occur in January 1940 when
cloud amount observations were moved from the city center
to the airport east of the city.

Different serially-complete period-of-records were
available for the three sites (Langdon Experiment Station,
Devils Lake KDLR, and Bismarck WSFO), the different
climate variables (mean temperature, mean maximum
temperature, mean minimurm temperature, precipitation, mean
cloud amount), and the various time steps (monthly, seasonal,
annual). Consequently, the longest possible common serially-
complete period-of-record was used to standardize the record
length for all statistical analyses. This consisted of the period
1901-1994 (N=94) for all of the temperature and precipitation
data, and the period 1907-1990 (N=84) for the cloud amount
data.

Climatological analyses included constructing annual
time series plots of all relevant variables, developing a 9-
term binomial filtered time series of the variables to reduce
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the high frequency noise associated with interannual
variability and to help identify lower frequency changes in
the climate variables, and simple linear regression analyses
of each climate variable against time to identify the presence
and statistical significance of any historical trends in the data
sets. Tests of significance are reported for all results, and
should be viewed as the percent chance that the climate change
obtained could arise due to purely random natural variations
in a quasi-stationary climate which did not experience any
long-term climate change.

Results

The plot of mean annual air temperature (TANN) from
1896-1994 at Langdon Experiment Station is shown in
Figure 1.
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Figure 1: Mean annual air temperature (°C) at Langdon
Experiment Station, ND, for the period 1896-1994, showing
annual time series, 9-year filtered values, and trend line.

The time series exhibits a high degree of interannual
variability, with warm years frequently followed by cool years,
and vice versa. The filtered data indicate numerous warm
and cold periods over the 99 years. A general warming trend
occurred from 1896 through 1940, followed by a cooling trend
from 1940 through 1965, followed by another warming trend
from 1965 to the present. Results of the linear regression
analysis for the period 1901-1994 are given in Table 1 and
indicate a warming trend of 0.7°C per century. This trend
has less than a 10% chance of being due to purely random
variations in a stationary time series. The mean annual air
temperature is actually the mean of the mean annual maximum

(TMAX) and mean annual minimum (TMIN) ai
temperatures. Although both variables show a warming tren(;
over the past century (Table 1), only the minimum (nighttime)
trend is statistically significant. Because the minimum
temperatures have warmed at a rate 6.3 times greater than
the maximum (daytime) temperatures the mean annug] dail
temperature range (TRANN) has decreased at arate of 1,100
per century.

Table 1: Results of the trend analysis of annual climate
variables against year for the period 1901-1994 at Langdop
Experiment Station, ND. All trends are expressed as a rate
per 100 years.

Variable Trend P-value
of Trend

TANN +0.7°C .07
TMAX +0.2°C .64
TMIN +1.3°C <.01
TRANN -1.1°C <01
PANN(L) +19.6mm .56
PANN(DL) +46.8mm 24
NANN +20.9% <.01
PRATIO3 -0.98 .02
PRATIO6 -0.56 .01

Annual precipitation data were examined for both the
Langdon and Devils Lake stations. The annual precipitation
time series for Devils Lake KDLR, shown in Figure 2, also
indicates a high degree of interannual variability and the
occurrence of several wet and dry spells throughout the record.
There is no trend in the data from 1901 through 1970, after
which a pronounced trend toward wetter conditions is evident.
Although the station does show a trend toward greater
precipitation, the rate of 46.8mm per century (Table 1) is not
large enough to reject the null hypotheses of no change in the
annual precipitation amount. Langdon Experiment Station
exhibits an even smaller (and less significant) trend toward
increased annual precipitation (Table 1).

Annual daytime cloud amounts (NANN) at Bismarck,
WSFO (Table 1) reveal a very significant trend toward
increased daytime cloud amounts for the period 1907-1990.
Assuming that nighttime cloud amount totals follow the same
pattern, these results are physically consistent with the trends
noted in TMAX, TMIN, TRANN and PANN. Clouds, in
general, increase nighttime temperatures, enhance
precipitation, and suppress increases in daytime temperature.

Aggregating climate data to an annual time scale can
obscure the seasonal structure of climate change which may
be considerable, and which can offer important physical
insights to the nature of climate change (6). Consequently,
all of the data were examined on a seasonal basis as well
The results of these trend analyses are summarized in
Table 2.
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Table 2: Results of regression analysis of seasonal climate variables against year for the period 1901-1994 at Langdon
gxperiment Station, ND. All trends are expressed as a rate per 100 years.

Variable Trend P-value Variable Trend P-value
of Trend of Trend
Winter Spring
TWIN +0.8°C 45 TSPR +1.0°C .16
TXWIN +0.8°C 43 TXSPR -0.4°C .66
TNWIN +2.5°C .02 TNSPR +1.4°C .03
TRWIN -1.6°C <.01 TRSPR -1.8°C <.01
NWIN +21.7% <.01 NSPR +23.8% <.01
PWIN -21.2mm .01 PSPR +7.3mm .64
ummer Fall
TSUM +1.4°C <.01 TFAL -04°C 45
TXSUM +1.3°C .05 TXFAL -1.0°C 12
TNSUM +0.5°C 17 TNFAL +0.7°C .19
TRSUM +0.7°C 17 TRFAL -1.7°C <.01
NSUM +17.3% <.01 NFAL +20.6% <.01
PSUM +48.4mm .05 PFAL -14.6mm 38
A,,,,Df;il' %‘mm spring temperature has actually decreased, although the trend
200 I T L is not significant. Summer air temperature trends depart
] ' considerably from these patterns. The magnitude of the mean
700 -] L summer temperature (TSUM) warming trend is larger (and
{ more statistically significant) than for any other climate period.
600 - Furthermore, the mean maximum summer temperature
50 ] m R i * : (TXSUM) has warmed at a greater rate than the warming
] , Ih, | © trend for the mean minimum summer temperature (TNSUM).
E 400 ] “ Ao ‘1‘ 3 Mean maximum summer (daytime) air temperature has
s increased at a rate of 1.3°C per century, a value 2.3 times
300 - larger than that observed for the mean minimum summer air
] temperature. As aresult, the mean summer daily temperature
20 i~ range has actually increased over the historical period. The
100 ] 3 mean fall air temperature (TFAL) has decreased over the study
- period, as has the mean maximum fall temperature (TXFAL).
0 T e — The mean minimum fall temperature (TNFAL) has warmed,

1890 1000 1910 1920 1830 1940 1950 1960 1870 1980 1090 2000
Year

Figure 2: Annual precipitation (mm) at Devils Lake KDLR,
ND, for the period 1901-1995, showing annual time series,
9-year filtered values, and trend line.

Mean winter air temperature (TWIN) has warmed
dpring the historical record though not at a statistically
Significant level. Mean minimum winter temperature
(TNWIN) has warmed at a rate 3.0 times greater than the
Mean maximum winter temperature (TXWIN), resulting in a
Significant decrease in the mean winter daily temperature
fange (TRWIN). Similar trends are present in the spring
®mperature data, with the exception that mean maximum

though not at a significant rate. Mean daytime cloud amount
shows a significant trend toward increased cloudiness for all
seasons.

Although the annual precipitation time series at
Langdon Experiment Station did not indicate a statistically
significant trend toward increased precipitation, winter and
summer seasonal precipitation totals indicate significant
trends toward decreased and increased totals, respectively.
Spring and fall trends indicate no significant change over
time. When the effects of these opposite trends are quantified
by the standardized ratios of winter to summer precipitation
(PRATIO3) and cold season to warm season precipitation
(PRATIOG6) a pronounced trend toward an increased
concentration of annual precipitation during the summer/
warm season becomes evident (Table 1).
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Discussion

Mean annual air temperature within the Devils Lake
region has incrcased at a rate comparable to the magnitude of
the global mean temperature increase of (1.6°C observed over
the past century (7). Karl ct al. (8) report incrcascs in mcan
annual temperaturc on the order of 1-2°C over the period
1900-1994 for the nine climate divisions in the state, while
Todhunter (2) found a 1.3°C warming for the central region
of the state for the period 1895-1990. Results of individual
station analyses over the period 1948-1988 also support a
strong gencral warming trend in the region (6, 9). The
warming trend in Devils Lake region is similar in nature to
warming patterns previously reported at the global (7),
national (6) and individual station (9) scales. Most of the
historical warming has been as a result of an increase in the
mean minimum (nighttime) temperatures. The seasonal
distribution of the warming has been concentrated during
winter, with spring and fall temperature trends actually
indicating a dccreasc in the mean maximum (daytime)
temperatures. Only summer shows a significant increasing
trend in the mean maximum temperature. This indicates that
most of the warming in Devils Lake region has been largely
benign from an ecological/hydroclimatological standpoint.
Similar findings have been observed at Jamestown State
Hospital (9).

" The annual precipitation time series for the Langdon
and Devils Lake stations suggest a change toward wetter
conditions, although both trends could be due to random
variations. More significant is the observation that the
seasonal distribution of precipitation has changed, with a
smaller contribution from winter and a larger proportion from
summer precipitation. Decreased winter precipitation (PWIN)
suggests a decrcased winter basin snowpack. Karl et al. (8)
found a 5-10% decrease in climate division annual
precipitation over a comparable time period. The station data
examined by Lcttenmaier et al. (6) over a more recent time
period revealed no clear and coherent general pattern for the
northern Plains. The increase in summer maximum
temperature, daytime cloud amount, and precipitation suggests
an increase in summer convective activity and enhanced
precipitation intensity. This observation has been
demonstrated by Karl et al. (10) who found a significant
increase in the proportion of total precipitation contributed
by extreme one-day events for the conterminous United States,
particularly in summer, along with a decrease in the proportion
of total precipitation contributed by light-moderate one-day
events.

The trend toward increased daytime cloud amount for
all seasons is consistent with global cloud amount trends
reported by Karl ct al. (7), as well as local precipitation trends
at Langdon and Dcvils Lake. Furthermore, they are physically
consistent with the general increase in mean minimum
temperature and mean daily temperature range reported at

the global, regional and local scales (6, 7, 9). The comm,
explanation for these findings is the global
increase in tropospheric sulfate aerosols
emissions and biomass burning (7).

The water balance implications of thesc temperaqy,
precipitation and cloud amount trends for Devilg Lake ‘c,
not certain, and we can only offer hypothescs for further
research. We do know, in general, that intcrannual Variations
in lake-level are more sensitive to precipitation changes lhaﬁ
to cvaporation changes (11), that interannual variationg in
lake-level at Devils Lake are most sensitive to lake areg (m
and that lake evaporation variations are more sensitive (o clou(i
amount variations (through its control on solar irragj
than to changes in the air temperaturc regime (12),

Most global climate models project a significant increage
in evaporative demand under a doubled CO2 atmospheric
concentration, and an earlier spring thaw. Although there j
some evidence to support an earlier spring thaw in the norther
Plains (6), the seasonal mean maximum temperature and meay
cloud amount trends observed in the Devils Lake region are
not entirely supportive of an enhanced cvaporative demang,
Most of the observed warming has been benign with respect
to evaporation and transpiration, occurring at night or in the
winter when evapotranspiration is-negligible. Spring and
fall mean maximum temperatures have actually fallen during
the historical period. Only the summer mean maximum
temperature shows an increase consistent with increased lake
and basin evapotranspiration. Furthermore, the significant
increase in daytime cloud amount totals almost certainly would
result in decreased solar irradiance and reduced
evapotranspiration. In addition, the direct effect of increased
atmospheric CO, could be expected to have an anti-transpirant
effect upon basin transpiration. When examined as a whole
the climate record is more supportive of a decrease in lake
evaporation and basin evapotranspiration over time than the
traditional assumption of increased evaporative demand. This
hypothesis is supported by the work of Peterson et al. (13)
who report a decrease in warm season mean daily pan
evaporation in the United States over the past 45 years.

Direct precipitation onto the lake surface is the most
important water input to Devils Lake (1). The climate record
suggests a possible trend toward increased precipitation
although this cannot be stated with certainty due to the small
magnitude of the increase and the limited number of stations
examined within the region. The seasonal distribution of
precipitation has, however, been changing, with a greater
proportion coming during the warm season.

Surface water inflow also serves as a major input (0
Devils Lake. Previous work has demonstrated an increase in
the mean monthly streamflow for September-December for
the Upper Mississippi River Valley region (12), as well as af
increase in mean annual, winter and spring streamflow for
individual stations within the northern Plains over the period
1948-1988 (6). As the regional anteccdent moisturc content

n
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ases, the potholes and lakes which feed into Devils Lake
pe losing their capacity to buffer the lake from basin-
wide precipitation, lcading to an increase in surface-water
inflow (0 Devils Lake. ‘

Lake-level fluctuations respond to the balance between

¢ primary lake inputs (direct precipitation and surface
inflow) and lake outputs (evaporation). Normally, lake levels
inDevils Lake exhibit a strong seasonal pattern with a spring/
qummer maximum and a fall minimum (1). Onc hypothesis
is that some combination of increased cloud amount, decreased
jake evaporation, decreased basin evapotranspiration,
increased surface-water inflow, and increased summer
precipimlion from intense storms may be producing a long-
term decrcase in the summer lake-level drawdown. This
would progressively Icad to a long-term increase in basin
moisture storage during the fall which, in turn, would
contribute toward a long-term general lake-level rise.
Lettenmaier et al. (6) caution, however, that possible water
management effects may explain or contribute to the
streamflow increases which they observed.

Devils Lake is a unique hydrologic system in which the
lake-level fluctuates in response to a spatially and temporally
dynamic set of water balance parameters. This review of the
historical climate, along with observations on the regional
hydroclimatology made by other researchers, indicates that a
complex set of natural (and possibly human) factors are
interacting to produce the dramatic lake-level rise observed
at Devils Lake since 1940.

incre
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- A HISTORY OF LAKE-LEVEL FLUCTUATIONS FOR DEVILS LLAKE,
NORTH DAKOTA, SINCE THE EARLY 1800°S

Gregg J. Wiche*, U.S. Geological Survey, Water Resources Division, 821 East Interstate Avenue, Bismarck, ND 58501
R.M. Lent, U.S. Geological Survey, Water Resources Division, 28 Lord Road, Suite 280, Marlborough, MA 0175
W.F. Rannie, Department of Geography, University of Winnipeg, Winnipeg, Manitoba, R3B 2E9, Canada
Aldo V. Vecchia, U.S. Geological Survey, Water Resources Division, 821 East Interstate Avenue, Bismarck, ND 58501

INTRODUCTION

The Devils Lake Basin is a 3,810-square-mile (mni?)
closed basin (fig. 1) in the Red River of thc North Basin.
About 3,320 mi? of the total 3,810 mi? is tributary to Devils
Lake; the remainder is tributary to Stump Lake. The level of
Devils Lake (fig. 2) has risen rapidly in response to above-
normal precipitation from the summer of 1993 to the present
(1997), and 30,000 acres of land around the lake have been
flooded. The above-normal precipitation also has caused
flooding elsewhere in the Devils Lake Basin. State highways
near Devils Lake are being raised, and some local roads have
been closed because of flooding.

In response to the flooding, various planning studies
are being conducted by Federal agencies and the North Dakota
State Water Commission. Most of the studics include options
to store water in the Devils Lake Basin and to provide an
outlet to the Sheyenne River via Devils Lake or East and West
Stump Lakes. All of the options being considered will be
based on past lake-level fluctuations. The purpose of this
paper is to briefly describe the hydrology of the Devils Lake
area in relation to lake-level fluctuations and to describe
recorded and inferred lake-level fluctuations since the early
1800’s.

DISCUSSION

Before 1979, streamflow from the principal streams (fig.
1) draining the Devils Lake Basin flowed into the
interconnected chain of lakes (Sweetwater Lake, Morrison
Lake, Dry Lake, Mikes Lake, Chain Lake, Lake Alice, and
Lake Irvine), and all streamflow from the chain of lakes flowed
downstream through Big Coulee into Devils Lake (fig. 1). In
1979, the drainage pattern in the basin was modified by the
construction of Channel A, which connects Dry Lake to
Sixmile Bay on Devils Lake. The upstream chain of lakes, in
addition to wetlands in the Devils Lake Basin, provide
significant water storage in many years and decrease the runoff
that otherwise reaches Devils Lake. For example, during
1965-67, the upstream chain of lakes stored at lcast 112,000
acre-feet (acre-ft) of water. However, since 1993, streamflow
into the chain of lakes and precipitation falling on the lakes
has exceeded lake evaporation, and little storage has been

available in late fall at the time of freezeup during 1993.9¢
Thus, the relation between climate variability and Iukc-levci
fluctuations of Devils Lake is complicated by the chin of
lakes. ‘

The long-term water budget of Devils Lake can b
simplificd into three components; precipitation falling on (he
lake, inflow to the lake, and evaporation from the luke surface,
Ground water is only a small percentage of the inflow. Bageq
on about 130 years of lake-level record, 100 years of climate
record, and 50 years of hydrologic record, the long-term inputs
from precipitation and inflow are about equal. However,
during periods of relatively low effective-moisture
(precipitation minus evaporation) conditions, such as during
the drought of the late 1980’s, tributary inflow was minimal
and less than precipitation falling on the lake. During periods
of relatively high cffective-moisture conditions, such as during
the mid-1990’s, inflow is substantially greater than
precipitation falling on the lake.

Most of the inflow to Devils Lake during any year is
strongly dependent on the antecedent soil-moisture conditions
in the basin and the amount of water stored in the lakes and
wetlands in the basin. Therefore, a large part of the total
inflow to Devils Lake can be attributed to a few years of
exceptionally large runoff. For example, total inflow to Devils
Lake for 1993-96 accounts for 31 percent of all inflow to
Devils Lake for 1950-96.

Annual evaporation from Devils Lake has less
variability than inflow, and annual lake-level declines from
evaporation are small in comparison to the rises caused by
large runoffs. Therefore, the lake level at any time reflects
climatic fluctuations on a decadal scale and is dominated by
rapid rises during relatively uncommon wet periods and by
long-term, relatively slow declines during more common years
of little runoff. Thus, the 5.0-foot (ft) lake-level rises that
occurred in 1993 and in 1995 cannot be eliminated by 1 yeaf
of evaporation.

Since glaciation, the level of Devils Lake has fluctuatcd
from about 1,457 ft above sea level, the natural spill elevation
of the lake to the Sheyenne River, to 1,400 ft above sea level
(1). Lake-level fluctuations for the lake during the Iast 4,000
years are shown in a generalized graph by Bluemle (2)
According to Bluemle (2), the lake has gone dry about SiX
times during the last 4,000 years and has spilled to th
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Figure 1. Location of the Devils Lake Basin.
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enne River at least twice. Bluemle (2) also stated that

[Shlf{ake nas repeatedly overflowed to East and West Stump

La}‘esi_ake levels were recorded sporadically from 1867 to

901 when the U.S. Geological Survey established a gaging
gation on Devils Lake. From 1867 to the present (1997), the
jake level has fluctuated between a maximum of 1,438.4 ft
gbove s€d Icvel in 1867 and a minimum of 1,400.9 ft above
sealevelin 1940 (fig. 2). On February 1, 1997, the lake level
was 14379 ft above sea level, about 15.3 ft higher than the
jevel recorded in February 1993 and the highest level in about
130 years. The 130-year lake-level record is very short
comparcd to the much longer geologic record; however, large
jake-level fluctuations have occurred during those 130 years.
swdics of lake-level fluctuations of Devils Lake (1, 2, 3,4, 5)
indicate that large, frequent fluctuations of 20 to 40 ft occur
every few hundred years. A rising or declining lake level is a
more normal condition for Devils Lake than a stable lake
jevel (6).

Hydrologic data for Devils Lake and climatic inference
from archival records for the Red River of the North Basin
indicate that lake levels from 1800 to 1870 were, in fact, higher
than lake levels since 1870. Higher lake levels imply that
runoff probably was greater, and, thus, effective moisture also
probably was greater. On the basis of tree-ring chronology,
Upham (7) inferred that the level of Devils Lake was 1,441 ft
above sea level in 1830. High lake levels during the 19th
century are supported by climatic inference from documents
of fur traders, explorers, missionaries, and settlers. The
documents have been used to compile a 200-year flood history
for the Red River of the North Basin (8, 9, 10). Based on
historical documents, the largest 19th-century floods (1826,
1852, and 1861) were significantly larger than the 20th-
century floods, and several 19th-century floods were about
the same magnitude as the largest 20th-century floods (1950
and 1979). The entire flood record of the 19th century
indicates flooding in the Red River of the North Basin, which
includes the Devils Lake Basin, occurred more frequently from
1800 to 1870 than since 1870. As in the 20th century, 19th-
century floods generally were spring snowmelt floods.
Summer precipitation is difficult to quantify from historic
Tecords, but a striking feature of the 19th-century record is
the number of summer floods and high-water events that
occurred from 1800 to 1870. Summer flooding, which has
been unusual in the 20th century, was much more frequent
from 1800 to 1870 when events similar in magnitude to events
of the extremely wet summer of 1993 occurred on numerous
Occasions, most notably in 1806 and 1849-52 (11).

The only known published dendroclimatologic study
for the Devils Lake area was conducted by Will (12).
Dendrochronologic data were collected from bur oak trees
Bear Bismarck and used to characterize the annual
Precipitation from 1406 through 1940 as wet, dry, or average.
For the entire period of record, the number of years

characterized as wet and dry were almost identical (12). Will
(12) identified 48 wet years and 22 dry years between 1776
and 1870, which is about the same period as that of archival
records referred to in this study. The remaining years were
identified as average. Thus, the ratio of wet to dry years was
about 2 to 1. However, from 1876 to 1940, a time when the
level of Devils Lake generally declined, the ratio of wet (o
dry years was about 1 to 2. Thus, Will’s results (12) indicate
that summers had greater cffective moisture in the 19th century
than in the 20th century. Dendrochronology has advanced
greatly since the time of Will’s work. For example, Stockton
and Mcko (13) used trce rings to construct a nearly 300-ycar
drought history of several regions in the northern and central
Great Plains. Except from 1820 to 1824, droughts were
relatively infrequent from 1800 to about 1860, and the 31
years from 1824 to 1855 were almost drought-free.

Laird et al. (14) used fossil diatom assemblages to
compile a 2,300-year proxy record of salinity fluctuations of
Moon Lake [about 84 miles (mi) south-southeast of Devils
Lake]. Laird et al. (14) concluded that whereas before about
A.D. 1200, drought intensity and frequency were greater than
during the 1930’s, the past c. 750 years (coinciding
approximately with the “Little Ice Age”) have been marked
by generally lower salinity, implying wetter and cooler
conditions. The lowest inferred salinity in the entire record
occurred during the 19th century. In support of this
conclusion, Laird et al. (14) cited data presented by Clark
(15) that indicate forest fire frequency, inferred from the
charcoal content in varved lake sediments in a region of
northwestern Minnesota, was relatively low during most of
the 19th century.

Other evidence indicates that summers were, on
average, somewhat cooler during the 19th century than during
the 20th century. Maps compiled by Wahl and Lawson (16)
from instrument records for 1850-70 indicate mean July-
August temperatures in the Devils Lake area were about 1°C
cooler than mean July-August temperatures for 1931-60.
Breakup and freezeup dates for the Red River of the North at
Winnipeg indicate that the mean ice-free season in the 19th
century was nearly 3 weeks shorter than in the 20th century
and the mean spring and fall temperatures were about 2.5°C
cooler (17). Robertson et al. (18) indicated a similar pattern
of temporal changes in ice cover for Lake Mendota, Wis.,
from 1855 to 1991. The mean frost-free season at Winnipeg
was about 2 weeks shorter in the 19th century than in the
20th century, mainly because of earlier fall frosts (19, 20).
Findings on the ice-free season and on seasonal temperatures
are in agreement with findings of Wahl and Lawson (16),
who indicated that mean temperatures in all seasons were
cooler for 1850-70 than for 1931-60.

Published biologic data further support the hypothesis
that the level of Devils Lake during the first half of the 19th
century was higher than at present (1997), and, thus, effective
moisture also was higher. Devils Lake supported an extensive
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natural fishery throughout most of the 1820°s and 1830’s.
During the snowy winter of 1825-26, settlers, trappers, and
traders who had run out of food supplics left Pembina for
Devils Lake to fish for pike (21). In 1839, thc Fremont and
Nicollet Expedition found an abundance of fish in Devils Lake.
Fremont said, “It is a beautiful sheet of water, the shores being
broken in pleasing irregularity by promontorics and islands.”
During 1884-87, commercial fishing reached its peak and
500 to 1,000 pounds of fish per day were lcaving Devils Lake
(22). Fisheries such as those that cxisted throughout the
1820’s and 1830’s and in the 1880’s would take years to
develop and probably would occur only at lake levels greater
than 1,420 ft above sea level (Terry Steinwand, North Dakota
Game and Fish Department, oral commun., 1995). Thercfore,
a logical assumption is that Devils Lake was relatively fresh
and lake Icvels were higher than 1,425 ft above sea level for
several years before 1825-26 and several years before the
1880’s (Randy Hiltner, North Dakota Game and Fish
Department, oral commun., 1996).

Sporadic lake-level measurements were made on East
and West Stump Lakes from 1949 through 1979 and from
1993 through 1995. Between 1949 and 1995, the level of
West Stump Lake ranged from about 1,394 ft above sea level
in the dry years to about 1,400 ft above sea level in the wet
years, and the level of East Stump Lake ranged from about
1,382 ft above sea level in the dry years to about 1,385 ft
above sea level in the wet years. Based on lake-level
measurements through 1995, no sustained, major lake-level
changes occurred on East and West Stump Lakes from 1949
through 1992,

Although no streamflow gages exist in the Stump Lake
drainage basin, quarterly lake-level measurements since 1993
and observations of local landowners and North Dakota State
Water Commission and U.S. Fish and Wildlife Service
personnel indicate that a relatively large amount of tributary
runoff into West Stump Lake occurred late in the summer of
1993, and, by February 1994, the level of West Stump Lake
was 1,395.8 ft above sea level. By January 1995, East and
West Stump Lakes were joined, and the lake Icvel was 1,398
ft above sea level. On July 22, 1996, the level of Stump Lake
was 1,403.8 ft above sea level, the highest level in about 75
years. However, the level of Stump Lake was 1,423 ft above
sea level in 1881 (1), indicating either Devils Lake spilled to
Stump Lake sometime before 1867 (possibly in the spring of
1826) or a very rare runoff or series of runoffs (much greater
than the runoff from 1993 through 1996) occurred in the
Stump Lake Basin before 1881. Runoff from 1993 through
1996 increased the volume of water stored in Stump Lake by
77,000 acre-ft, but another 156,000 acre-ft of water would be
needed to increase the level of Stump Lake to 1,423 ft above
sealevel.

A statistical water mass-balance modcl developed for
Devils Lake was used to determine ranges for feasible lake
levels that could have occurred from 1825 to 1890. Model

results indicate only about a 5-percent chance that

alake
of 1,425 ft above sea level or less occurred from 18 levey

2510 189(),
SUMMARY

The principal streams draining the Devils Lake Basiy
flow into the interconnected chain of lakes, and Big COuIcel
and Channel A connect the chain of lakes (o Devilg Lake
The relation between climate variability and lake~|chi
fluctuations of Devils Lake is complicated by the chyy of
lakes. The lake level at any time reflects past climatic
fluctuations on a decadal scale and is dominated by rapid
riscs during relatively uncommon wet periods and by Jopg.
tern, relatively slow declines during more common yeyrg ;)r
little runoff.

Devils Luake has gone dry several times during the [yg
4,000 years and has spilled to the Sheyenne River at Jegg
twice. Lake levels have been recorded at various intervylg
since 1867, and, although the 130-year period of record js
relatively short compared to the geologic record, large
fluctuations have occurred during those 130 years. Climatic
inference from archival records for the Red River of the North
Basin indicate that lake levels from 1800 to 1870 were higher
than lake levels since 1870. In 1830, the level of Devils Lake
was 1,441 feet (ft) above sea level, and, based on evidence
from the fishery at Devils Lake and an understanding of the
water balance of the lake, lake levels probably were higher
than 1,425 ft above sea level for several years before and after
1830. Research related to floods on the Red River between
1825 and 1870 and climatic research for that period indicates
that lake levels remained high (greater than 1,425 ft above
sea level) between 1825 and 1870.
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USING CONDITIONAL SIMULATIONS OF THE LEVEL OF DEVILS LAKE, NORTH DAKOTA,
TO RECONSTRUCT HISTORICAL HYDROLOGIC CONDITIONS

Aldo A. Vecchia*, U.S. Geological Survey, Water Resources Division, 821 East Interstate Avenue, Bismarck, ND 58501
Gregg J. Wiche, U.S. Geological Survey, Water Resources Division, 821 East Interstate Avenue, Bismarck, ND 5850

SUMMARY

A statistical water mass-balance (WMB) model
developed for Devils Lake can be used to simulate possible
future lakc levels or possible historical lake levels and
hydrologic inputs. The future lake levels are simulated from
current and past hydrologic inputs, and the historical lake
levels and hydrologic inputs are simulated from limited
historical lake levels. The simulations are conditioned on
known lake levels or hydrologic inputs and are, therefore,
called conditional simulations. For this paper, the WMB
model was used to generate conditional simulations of
historical lake levels and precipitation, evaporation, and
inflow values for Devils Lake for 1826-90. Output from the
model was used to determine ranges for feasiblc lake levels
and precipitation and inflow values for 1826-90. Data indicate
that the more recent dry and wet periods are extreme when
compared to the 1830’s through the 1890’s.

INTRODUCTION

The Devils Lake Basin is a 3,810-square-mile (mi?)
closed basin in northeastern North Dakota (fig. 1). Wiche
(1) described the basin and discussed historical lake levels
and recent flooding problems in Devils Lake, which is located
in the basin, and Wiche and Vecchia (2) developed a statistical
water mass-balance (WMB) model for the lake. The study
for which the WMB model was developed was conducted in
cooperation with the North Dakota State Water Commission
to assist the U.S. Army Corps of Engineers and water-resource
managers in decisions regarding proposed flood-control or
lake-stabilization projects. The WMB model is used to
compute the total volume (mass) of water stored in Devils
Lake, given precipitation on the lake surface, evaporation from
the lake surface, and inflow to the lake. The model also
includes a time-series model to generate future sequences of
precipitation, evaporation, and inflow from which the
probability of future lake-level rises or declines can be
determined.

The primary use for the WMB model to date has been
to determine the probabilities of future lake levels, given the
current lake level and antecedent values of hydrologic inputs
to the model. The generated sequences of possible future
lake levels are called conditional simulations because the
sequences are conditioned on antecedent values of hydrologic
inputs. For example, the most recent runs from the WMB

modcl, beginning January 1, 1997, when the lake leve] was
1,437.8 feet (ft) above sea level, indicate that the lake hyg a
10-percent (1 in 10) chance of reaching 1,442.5 ft above seq
level sometime in 1997 and a 10-percent chance of reachip,
1,444 ft above sea lcvel by the year 2000. :

When using the WMB model to determine e
probability of future lake levels, antecedent values of
precipitation, evaporation, and inflow are known, and futyre
lakc levels are unknown. For this paper, thc model was useq
in a different context—historical lakc levels were known, by
precipitation, evaporation, and inflow values were unknown,
Historical lake levels were assumed to be within intervalg
that also included the known lake level for given years,
Conditional simulations from the WMB model were used to
reconstruct a sequence of feasible precipitation, evaporation,
and inflow values that could produce the historical lake levels
and to reconstruct the range of feasible lake levels that could
occur between the known lake levels. In the conditional
simulations, historical sequences of precipitation, evaporation,
and inflow values were generated from a time-series model
that was fitted using known inputs and lake levels from 1950
through 1993. However, for each sequence, the parameters
of the time-series model were selected randomly from a
parameter-uncertainty distribution that simulates the effects
of changing hydrologic conditions. The conditional
simulations were used with limited historical lake levels to
reconstruct historical lake levels and precipitation and inflow
values for Devils Lake for 1826-90.

CONDITIONAL SIMULATIONS FOR 1826-90

Based on tree-ring chronology, Upham (3) concluded
that Devils Lake spilled to Stump Lake (spill elevation 1,445
ft above sea level) sometime before 1830 and was below about
1,441 ft above sea level from 1830 to 1890. Devils Lake
probably spilled to Stump Lakc in 1826 when severe flooding
occurred in the Red River of the North Basin. In 1867, the
lake level was 1,438.4 ft above sea level, and, in 1890, the
level was 1,424.6 ft above sea level (1). Constraints for the
conditional simulations were: the starting lake level in 1826
was exactly 1,445 ft above sea level; the level between 1830
and 1890 was no higher than 1,443 ft above sea level; the
level in 1867 was 1,438.4 ft above sea level (plus or minus |
ft); and the level in 1890 was 1,424.6 ft above sea level (plus
or minus 1 ft). The WMB model was used to generatc
sequences of simulated lake levels. Each sequence started in
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1826 at 1,445 ft above sea level and continued for 65 years
(until 1890). Only those simulations that met the constraints
mentioned earlier were used. By repeating this procedure
more than 200,000 times, a total of 200 possible historical
sequences of lake levels and precipitation, evaporation, and
inflow values were generated for 1826-90. Each sequence
satisficd the lake-level constraints.

The lower and upper S-percent bounds for the simulated
lake levels are shown in figurc 2. In any given year, only §
percent (10) of the 200 gencrated lake levels were below the
lower bound, and 5 percent werc above the upper bound. The
lower bound indicates that the lake level could have declined
to about 1,425 ft above sca level in the 1850’s, about a 20-ft
decline in 30 ycars. This rate of decline is close to the actual
rate of dccline that occurred from 1867 to 1890 when the
level declined about 14 ft in 24 ycars. The upper bound
indicates that the lake levcl could have remaincd near 1,440
ft above sea level from 1826 to 1867, indicating a long period
of relatively large inflows. The bounds on the lake level from
1867 to 1890 are much closer. Because net evaporation, the

only significant mechanism causing lakc-leve] decline,
generally is betweenl and 2 ft in any given year, the h;,
level could not have risen significantly between 18¢7 .(mc
1890 and still declined to 1,424 ft above sea level in |gg ‘
To illustrate the hydrologic conditions that coylg hu;'

produced lake levels similar to those for 1826-90), (o) annu.ﬁ
inflow values for each conditional simulation were S'"“Olhéd
by averaging values for 5§ years. For example, (he S-year
average annual inflow for 1864 is the average annug| infloy
to Devils Lake for the 5 years ending in 1864. Total anpy,,
precipitation values for Devils Lake also were smoogheg 0
obtain S-ycar average annual precipitation values for cach
sequence. The lower and upper 5-percent bounds o the
simulated S-year average annual inflow values and (he boungg
on the simulated S-ycar average annual precipitation valyeg
are given in tablc 1. For comparison purposes, the known 5.
year average annual inflow and precipitation values for a more
recent dry period (1960-64) and a more recent wet periog
(1992-96) also are given in table 1.

Table 1. Conditional-simulation statistics for average annual inflow and precipitation values for Devils Lake

5-year average annual inflow

5-year average annual precipitation

(acre-fect) (inches)

Year Lower Mecdian Upper Lower Mecdian Upper
5-percent S-percent 5-percent S-percent
bound bound bound bound

1834 18,000 49,300 99,100 154 17.2 20.6

1839 23,200 57,000 134,200 15.1 17.8 20.6

1844 24,100 68,000 148,900 15.1 17.7 20.7

1849 23,300 66,400 158,000 15.0 17.6 20.3

1854 21,800 71,000 177,500 15.0 17.6 21.0

1859 27,800 86,400 191,500 14.8 18.1 21.0

1864 46,400 116,400 227,600 15.7 18.4 214

1869 33,100 90,800 212,700 15.6 18.0 21.6

1874 17,100 46,200 94,600 14.5 17.5 20.8

1879 16,200 46,000 97,900 14.9 17.1 20.3

1884 16,000 43,100 79,600 14.6 17.0 19.7

1889 17,400 37,600 78,600 14.3 17.3 20.2

11964 12,400 12,400 12,400 16.8 16.8 16.8

11996 238,200 238,200 238,200 20.6 20.6 20.6

1Known values.
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The large range in average annual inflow values (table
1) for any 5-year period, and especially for the 1850’s and
1860s, is a result of the extreme variability of inflow to Devils
Lake, which often has long periods of low or zero inflow
followed by periods of one or more large inflows. More
information is needed to dctermine whether the high lake
level in 18G7 was caused by a few very large inflows late in
the period and low inflows early in the period or by generally
large inflows over the entirc period. The small changes in
precipitation values (tablc1), on the order of a fcw tenths of
an inch, arc accompanicd by large changes in inflow to Devils
Lake. Thus, small variations in climatic conditions can cause
large fMuctuations in lake level, making Devils Lake ideal for
studying the effccts of long-term climate change.

The overall pattern shown in table 1 indicates that the
most likely scenario is normal (compared to more recent data)
precipitation and inflow in the 1830’s, 1840’s, and 1870’s,
above-normal precipitation and inflow in the 1850’s and
1860’s, and below-normal precipitation and inflow in the
1880’s. The conditional simulation values were compared to
the known values for a more recent dry period (1960-64) and
a more recent wet period (1992-96). The average annual

inflow [12,400 acre-feet (acre-ft)] for 1960-64 is much by,

the lower 5-percent bound for the conditional simlllau(,?lw
and the average annual precipitation [16.8 inches (in.) fs'
1960-64 is betow the median for the conditional simula%nm
The known average annual inflow (238,200 acre-ft) for 19 2‘
96 is above the 5-percent bound for the condilion.,i
simulations, and the known average annual precipitation (20‘6
in.) for 1992-96 is close to the upper 5-percent bound for ll;c
conditional simulations. Further rescarch is needeq
dctermine whether or not this indicates a climate change,
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IMPORTANCE OF BOTTOM-SEDIMENT PROCESSES TO MAJOR-ION AND
NUTRIENT BUDGETS OF DEVILS LAKE, NORTH DAKOTA

Robert M. Lent*, U.S. Geological Survey, Water Resources Division, 28 Lord Road, Suitc 280, Marlborough MA 01752
Gregg J. Wiche, U.S. Geological Survey, Water Resources Division, 821 East Interstate Avenue, Bismarck, ND 58501

INTRODUCTION

Devils Lake is a terminal lake in a large closed basin in
portheastern North Dakota (fig. 1). As with other closed-
pasin lakes, fluctuations in the lake level and water chemistry
of Devils Lake are closcly related to variations in the climatic
conditions in the drainage basin.  Rccent lake-level
fluctvations, including decreasing lake levels during the late
1980’s through the early 1990’s and increasing lake levels
since mid-1993, have resulted in economic hardship to
residents of the Devils Lake Basin. Proposed plans to
stabilize the lake level and ameliorate the recent problems
related to periodic flooding and drought conditions are
predicated on understanding the hydrologic and chemical
budgets of the lake. The hydrology of Devils Lake is well
documented (1, 2). Generally, inflow to the lake is from
surface water and direct precipitation, and the only
significant outflow from the lake is by evaporation. The
chemical budget of the lake is more complicated, however.
External inputs of chemical components include surface-
water inflow and atmospheric deposition. Removal pathways
generally are limited to aeolian transport of aerosols and
desiccation salts and to burial of evaporitic minerals and
saline pore water in the lakebed. The chemical budget of the
lake is further complicated by internal cycling, which buffers
the dissolved-solids concentration in the lake. The cycling is
driven by complex biogeochemical processes that occur in the
bottom sediments and include dissolution reactions and pore-
water diffusion. Hydrologic investigations that characterize
the hydrology, chemistry, and biology of Devils Lake since
the mid-1980’s have been conducted by the U.S. Geological
Survey in cooperation with the U.S. Army Corps of
Engineers, the North Dakota State Water Commission, the
North Dakota Department of Health, and the North Dakota
Game and Fish Department. The purpose of this paper is to
present the results of those investigations in order to illustrate
the importance of bottom-sediment processes to major-ion
and nutrient budgets of Devils Lake.

DISCUSSION

Temporal variations in the concentration and mass of
dissolved solids in closed-basin lakes generally are related to
fluctvations in lake level (3). During dry periods, the lake
level decreases, the dissolved-solids concentration increases,

and the dissolved-solids mass decrcases as a result of
evaporitic concentration. During wet periods, the lake level
increases, the dissolved-solids concentration decreascs, and
the dissolved-solids mass increases as a result of tributary
inflow and precipitation. During periods of decreasing lake
levels, some of the dissolved-solids mass is permanently lost
by aeolian transport of desiccation salts or effectively lost by
burial of evaporitic minerals and saline pore water.
Therefore, the relation between the lake level and the
dissolved-solids concentration is not constant (3). Variations
in the concentration and mass of dissolved solids in Devils
Lake follow this general pattern (4). Furthermore, dissolved-
solids concentrations gradually increase during periods of
stable lake levels, indicating an internal dissolved-solids
source to Devils Lake.

Lent (5) used water-column profiles of specific
conductance, pH, and dissolved-oxygen concentrations to
examine potential effects of bottom-sediment processes on
the water chemistry of Devils Lake. The samples were
collected from July 1986 through October 1991. During ice-
free periods, Devils Lake was well mixed. During the winter,
however, bottom water generally had larger specific-
conductance values, smaller pH values, and smaller
dissolved-oxygen concentrations.  The variations are
attributed to microbially mediated sulfate reduction and
mineral dissolution processes that occur in the bottom
sediments of the lake (5). Although these processes probably
occur throughout the year, water-column mixing by wind
obscures their effect during ice-free periods.

During the summer of 1993, the Devils Lake Basin
received unusually large amounts of precipitation that
resulted in a substantial increase in surface-water runoff to
the lake. Williams-Sether et al. (6) used changes in the
masses of dissolved solids, total nitrogen, and total
phosphorus during a 3-month period in 1993 to evaluate the
effect of bottom-sediment processes on major-ion and
nutrient mass balances during high-inflow conditions (table
1). During the 3-month period of increased inflow, the
concentrations of dissolved solids, nitrogen, and phosphorus
decreased, and the total masses increased. However, only
about 30 percent of the increased masses of dissolved solids
and nitrogen was attributed to surface-water inflow. During
the same period, the increased mass of phosphorus in the lake
was about equal to the mass of phosphorus contributed by
surface water.
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Table 1. Cumulative dissolved-solids and nutrient loads in Big Coulee and Channel\x11A, April through October 1993, and
d;ggolved-solids and nutricnt masses in Devils Lake, May through October 1993
[N;;,diﬁcd from Williams-Scther et al. (6): kg. kilograms]

Dissolved Nitrite plus Ammonia, Ammonia plus  Phosphorus, Ortho-
solids nitrate, dissolved organic total phosphate
(kg) dissolved (kgas N) nitrogen, total (kg as P) dissolved
(kg as N) (kg as N) (kg as P)
Cumulative dissolved-solids and nutrient loads
Big Coulce 44,500,000 17,400 7,870 83,000 37,400 35,400
Channcl A 78,300,000 16,100 9,940 157,000 60,600 45,400
Total load 123,000,000 33,500 17,800 240,000 98,000 80,800
attributed to
tributary inflow
Dissolved-solids and nutrient masses
05-11-93 4,200,000,000 109,000 71,100 2,170,000 110,000 53,000
10-21-93 4,700,000,000 109,000 177,000 3,000,000 197,000 100,000
Change in mass 500,000,000 0 105,900 830,000 87,000 47,000
in Devils Lake
Total load 0.25 — 0.17 0.29 1.13 1.72

attributed to

tributary inflow
divided by change

in mass in Devils Lake

INumber has been rounded.

Table 2. Calculated pore-water benthic-flux rates in sediment cores collected from Creel Bay and Main Bay,

Devils Lake, 1990-91

[Modified from Lent (5) and Komor (9); positive values indicate that the flux is from sediments into bottom water, and negative values

indicate that the flux is from bottom water into sediments; flux rates are in milligrams per square meter per day; —, no data)
Constituent Creel Bay, Main Bay, Main Bay, Main Bay, Main Bay,
July 25,1990  July 26, 1990  July 30, 1991  August 27, 1991 October 8, 1991

Calcium 16 6.7 12 5.2 5.6
Magnesium 14 14 31 15 12

Sodium 47 170 140 59 38

Potassium 38 38 24 — 4.1
Bicarbonate 3,300 2,500 470 810 440

Sulfide (as S) 110 27 51 43 24

Sulfate (as SO,) -1,000 -1,500 410 -260 240

Sulfur (as SO,))! -730 -1,400 560 -131 310

Chloride 130 35 110 110 32

Ammonia (as N) 26 130 9.0 7.1 7.1

Phosphate (as P) 3.9 29 9.8 .16 24

lcalculated as the sum of sulfide and sulfate
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Table 3. Calculated pore-water benthic-flux rates in sediment cores collccted from East Bay, Devils Lake, 1986
{Modified from Lent and Lyons (8): positive values indicate that the flux is from sediments into bottom water, and negative valyeg

that the flux is from bottom water into sediments: flux rates are in milligrams per square meter per day; — no data) icay
Constituent Main Bay, East Bay, East Bay, East Bay, East Bay,
1991' Core 1 Core 2 Core 3 Core 4

Calcium 7.6 10 14 250 390
Magnesium 19 27 24 320 160
Sodium 79 1,400 250 2,800 1,300
Potassium 14 660 39 430 220
Bicarbonate 570 220 260 420 240
Sulfate (as SO,) 250 300 410 3,900 620
Ammonia (asN) 7.7 4.1 5.1 10 4.2
Phosphate (as P) 3.4 31 .53 -34 -37

IMean of samples collected on July 30, 1991: August 27, 1991; and October 8. 1991.

Table 4. Calculated major-ion and nutrient response times for Devils Lake (defined as Main Bay plus East Bay, Devils Lake)
and for Main Bay, Devils Lake
[Modified from Lent (5)]

Constituent Response time, Response time,
Devils Lake Main Bay
(years) (years)

Calcium 6.7 63

Magnesium 32 95

Sodium 15 110

Potassium 8.1 76

Bicarbonate 13 9.6

Sulfate (as SO,) 34 78

Total nitrogen (as N) 4.2 34

Total phosphorus (as P) 95 46
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In recent studics by Lent (6), Komor (7), and Lent and
ons (8), porc-water data were used to quantify major-ion
nutricnt benthic-flux rates in bottom sediments of Devils
e. Komor (7) collected sediment cores for pore-water
qnalysis in July 1990, and Lent (5) collccted four additional
sediment cores from May to October 1991. The cores were
collected from Creel Bay and Main Bay, Devils Lake.

easonal variations in the benthic-flux rates generally were
small (table 2), but important differences existed between the
calculated benthic-flux rates for 1990 and the calculated
penthic-flux rates for 1991.  Benthic-flux rates for
picarbonate, ammonia, and phosphate generally were smaller
in 1991 than in 1990. Lent (5) attributed the large differences
1o calm, stratified water-column conditions in 1990 and well-
mixcd water-column conditions in 1991. Lent and Lyons (8)
collected four cores from East Bay, Devils Lake, during 1986
and compared the benthic-flux rates for those cores to the
rates for cores collected from Main Bay (table 3). Sediment
pore water in East Bay had larger major-ion benthic-flux rates
than sediment pore water in Main Bay, but sediment pore
water in Main Bay generally had significantly larger nutrient
benthic-flux rates. The major-ion concentrations in pore
water and the benthic-flux rates increase from west to east,
indicating that bottom-sediment processes may be partly
responsiblc for the concentration gradient in the lake.

The rclative importance of benthic fluxes to the
chemical mass balances of major ions and nutrients in Devils
Lake was evaluated by calculating major-ion and nutrient
response times for Devils Lake (table 4). The response time
is an estimate of the time needed to replace the mass of a
constituent in the lake. The calculated major-ion response
times for Devils Lake ranged from 6.7 years for calcium to 34
years for sulfate. The response times are significantly smaller
than previous estimates, which did not include benthic fluxes.
In addition, the relatively short response times for nitrogen
(4.2 years) and phosphorus (0.95 year) indicate that nutrients
are recycled rapidly between bottom sediments and the lake.
Although benthic fluxes may cause underestimated response
times at different lake levels, the fluxes can be dominant
sources of major ions and nutrients to Devils Lake.

and

Therefore, bottom-sediment processes may buffer the major-
ion and nutrient concentrations in the lake.
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DEVILS LAKE BASIN UPPER BASIN FLOOD STORAGE POTENTIAL

Lec Klapprodt*
North Dakota State Water Commission, 900 E. Blvd., Bismarck, ND 58505

INTRODUCTION

Background

The Devils Lake basin has been for many years a closed
sub-basin of thc Red River of the North with Devils Lake
being the terminal lake in this basin. The basin covers about
3,810 square milcs in northeastern North Dakota. In the 130
years since the first official mcasurement, Devils Lake’s
water levels have varicd from 1438.4 fcet above mean sca
level (amsl) in 1867 to alow of 1400.9 fcet amsl in 1940. The
lake now excceds clevation 1437.8 feet amsl.

Since reaching its recorded low, Devils Lake’s water
level has followed a rising trend. In July of 1993, Devils Lake
covered an area of about 46,000 acres. Wet climatic
conditions have resulted in a continued rise. A flood forecast
made by thc U.S. Weather Service on February 14, 1997
predicts the lake may reach clevation 1440.5 feet amsl in
1997. At that elevation, Devils Lake will cover about 87,600
acres, nearly twice the land area covered four years earlier.

Topography across much of the Devils Lake basin is
rolling glacial plain characterized by many shallow wetlands
and a few smaller lakes. Devils Lake and Stump Lake are at
the southern-end of the drainage system. A chain of smaller
lakes is located in the system just above Devils Lake. The
drainage system includes several coulces that generally flow
from north to south and through the chain of lakes upstream
of Devils Lake. About 87 percent of the drainage basin is
tributary to Devils Lake, with thc remaining 13 percent
tributary to Stump Lake.

Problem to be addressed

Until 1979, flood damage concerns in the basin were
limited to the effects on agriculture. Spring runoff in 1979
caused the lake to rise from 1423.2 fect amsl to 1427.0 feet
amsl. Several sections of highway were flooded and the first
affects were felt at the City of Devils Lake. Local, state and
federal agencics responded by raising some roads and
constructing a levee to protect the City of Devils Lake against
a lake elevation up to 1440 feet amsl. Despite these
precautions, flood damages experienced since 1993 total
about $100 million. The North Dakota State Water
Commission (SWC) estimates the forecasted 1997 rise will
cause about $30) million in new damages.

Total volume of water in Devils Lake has increased
from about 581,000 acre-fect (ac-ft) in July of 1993 to about
1.5 million ac-ft in August of 1996. An additional 160,000
ac-ft of water or more is predictcd to enter the lake from

spring runoff in 1997 raising it more than 2 fcey, Unti) e
lake riscs (0 its natural outlet clevation of 1,457.5 fee amg|
runoff from contributing parts of the basin will incregge lhé
lake level and add to flood damages. One method (o combyy
flooding around Devils Lake is to retain runoff water iy the
upper basin.

Upper busin flood storage concept

Basin land usc is about 70 to 80 percent agricultyry|,
Tillage practices have included artificial drainage of many
shallow dcpressions or wetlands. Debate between varioyg
interest groups has raged for years concerning the cffects of
drainage on flooding and thc volume of water storage
available through wetland restoration. Scveral attempts have
been made to quantify the number of wetlands drained and (he
impact on runoff characteristics in the basin. None has
reached a consensus.

In June 1996, the Devils Lake Basin Joint Water
Resource Board and the National Wildlife Federation posed
questions about the impact of drainage to state and federal
natural resource agencies. The question most pertinent to this
study is: “How much water storage volume is possible in (he
upper Devils Lake Basin?”

After conferring with the other agencies, the SWC and
the U.S. Fish and Wildlifc Service (USFWS) assumed a lcad
role in developing a new estimatc of available storage.

STUDY METHODS

Scoping the study process

The study objective was to provide an estimate of
potential storage availablc in the Devils Lake basin. Due to
the limited time and budget, it was necessary to rely almost
entircly on existing information to mcet study objectives.

The approach to meet study objectives included:

- establishing a study team,

- data inventory and development,

- identification and assessment of available tools and
methodologies,

- field testing,

- application of methodologies, and

- reporting.

Study team
The agencies formed a study teamn led by Stan Hansot,
an employee of the SWC and Bill Pearson, an cmployee of th
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FWS. Other study team participants included
resentatives  from the U.S. Natural Resource and
Conservation Service (USNRCS) and U.S. Geological Survey

(UsGS).

Data development

Study participants agreed early in the process that the
small lakes located upstream from Devils Lake and drained
and partly draincd wetlands offered the most potential for
few Of restored water storage in the Devils Lake basin.
storage below the normal operating levels of small lakes and
the storage in non-drained wetlands was considered as
existing storage.  This direction focused the study team
efforts.

Wetland drainage in the Devils Lake basin has never
peen completcly inventoricd due to the large area involved. A
1983 study by Ludden, et al. (1) faced the same problem.
Their analysis built upon data collected from randomly
selected quarter-section sample areas that were originally
part of the Department of Agriculture’s Conservation Needs
Inventory (2). The study team chose to use a similar
approach. Instead of quarter sections, data was developed for
full, 640-acre sections. The sample sites involved 207
sections, totaling 132,141 acres, or about 5.4 percent of basin
area.

NWI derived drained and partly drained wetlands

The most comprehensive wetland data for the Devils
Lake basin is the National Wetland Inventory (NWI). While
these data provide significant detail in mapping and
classification of wetlands, the inventory did not include
drained wetlands. Completely drained wetlands do not meet
the criteria for wetland defined by “Classification of
Wetlands and Deepwater Habitats of the United States,”
Cowardin et al. (4), so they were not inventoried. This
shortcoming required the study team to revisit the original
color infrared photography used in the NWI. The NWI did
inventory the remaining portions of partly drained wetlands
because they retained some wetland characteristics. The
study team included mapping of the portion of partly drained
wetlands not included in the NWL.

Most of the basin’s NWI aerial photography was
obtained in 1979. However, some small areas within the
basin were re-flown as late as 1983. This photography was
Photo-interpreted to map drained wetlands and the original
area of partly drained wetlands on the sample sections. Photo
signatures, showing soil moisture differences and cultivation
Practices, coupled with physical features such as
topographical depressions and linear drainage ditches, were
Used to identify drained and partly drained wetlands.
Collateral data such as, County Soil Surveys; USGS, 7.5
Minute topographic maps, USNRCS National Resource
Illvamory wetland delineations, and the 1”:800’ scale black
and white photography used in the Ludden, et al. (1) study,

were used to assist in delineating drained wetlands. Maps
produced by photo-interpretation were geometrically
corrected, copied to mylar and digitized for use in a
geographic information system (GIS).

Field testing

Study team members, local water managers and local
agricultural producers visited the first sample sites mapped to
assess photo-interpretation accuracy. While subjective, this
process confirmed that the interpretation coincided
satisfactorily with what was on-the-ground.

Mapping technology

The study team chose to use MapInfo GIS software to
analyze existing NWI and newly developed drained and
partly drained wetland data. Maplnfo enabled production of
two-dimensional maps yiclding the number, location and
acreage of drained and partly drained wetlands on the sample
sites. Data derived for the sample sites were then expanded at
aratio equal to the total basin area divided by the total sample
site area, 18.47 tol. A statistical analysis showed this to be a
satisfactory approach for this study due to the large number of
sample sites.

Drainage not include in NWI data

Wetland drainage probably continued between
acquisition of the NWI aerial photography and the advent of
Swampbuster provisions in the 1985 Farm Bill. It was agreed
that very little drainage has occurred in the basin since
Swampbuster took effect. The study team used the USFWS’
Private Drainage Survey done between 1966 and 1980 to
estimate the amount of wetland drainage since the NWI aerial
photography was collected. That survey showed the rate of
drainage in the Devils Lake region to be 2.5 percent per year.

Small lake potential storage

Prior to this study, the SWC investigated the storage
potential available in small lakes located upstream of Devils
Lake. After reviewing these figures, the storage estimates
were adopted by the study team. The investigation found that
additional water storage is available at the small lakes if
controls could be built to increase the operating levels.

Conversion of acre data to acre-feet of storage

Determining the volume of storage available on the
mapped drained and partly drained wetland areas was the
most difficultaspect of this study. The amount of water stored
in a wetland basin varies from year to year, depending on the
amount of runoff. This situation caused the study team to use
two analysis methods, one developed by Best (3) and the other
by Ludden et al. (1). These studies documented that a ten-
year frequency runoff event would produce about one ac-ft of
water per acre in the region’s wetlands. A ten-year runoff
event will not fill every wetland to its overflow level, its
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maximum storage potential. A 100-year frequency or greater
event may be required to fill all wetlands to their overflow
level. This study developed information that represents an
estimate of the maximum storage potential of Devils Lake
basin wetlands.

RESULTS

Storage potential using NWI data

Re-analysis of NWI aerial photography and GIS
techniques mapped a total of 1,079 drained and 1,508 partly
drained wetlands on the study’s 207 sample sites.

Expanding the photo-interpreted data for the entire
Devils Lake basin results in a conservative estimate of 25,940
acres of drained and 34,000 acres of partly drained wetlands
at the time of the photography, 1979-1983. Total restorable
wetland acres identified in this study is an estimated 60,000
acres.

Calculating the maximum water storage potential in
60,000 acres of drained wetland basins, using methods
developed by Best (3) and Ludden et al. (1), produces a range
of 156,000 to 294,000 ac-ft.

Wetlands acres drained between 1980 and 1985

The study team used a combination of NWI and the
Private Drainage Survey data to determine the number of
wetland acres drained after the NWI survey. Analysis of NWI
data showed 252,000 acres of wetland remained intact in the
Devils Lake basin. Applying a 2.5 percent annual drainage
rate, 41,000 wetland acres may have been drained between
1980 and 1985. Because these drained wetlands were not
mappable, it was impossible to apply the methods developed
by Best (3) and Ludden et al. (1). However, assuming a ten-
year event, restoring these wetlands would provide another
41,000 ac-ft of water storage.

Upper basin lakes storage
The State Water Commission developed information

on the current holding levels of the small lakeg loc
upstream of Devils Lake. A total of 33,250 ac-ft of wmed
storage is available by raising current operating leye]
one to three feet. An estimated 8,700 acres of ripar
would be inundated.

1S from
1an Ianq

Report to Devils Lake Joint Water Resource Bogry and
National Wildlife Federation

At the conclusion of the study, the U.S. Army Corps of
Engineer (St. Paul District), USNRCS, U.S. Environmem
Protection Agency, U.S. Bureau of Reclamation, USFws
SWC, and the USGS reviewed and commented on the Stud;
findings before completion of the final report.

On January 8, 1997, the North Dakota State Engineg,
and U.S. Fish and Wildlife Service jointly signed a letter
reporting the study findings to the Devils Lake Joint Wyge
Resource Board and the National Wildlife Federation. T
letter provided the storage estimates reported in this paper
and concluded that substantial restorable storage exists
within the Devils Lake basin.
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DEVILS LAKE EMERGENCY OUTLET PLAN (EOP)

Todd Sando*, P.E.
North Dakota State Water Commission, 900 East Boulevard Avenue, Bismarck, ND 58505

1. INTRODUCTION

Devils Lake is the largest natural lake in North Dakota.
Known as North Dakota’s finest natural jewel, Devils Lake is
gnique in that it is trapped within its basin by its topography.
This uniqueness is only comparable to the Great Salt Lake in

tah.

v Devils Lake is the ultimate collecting point for the
majority of the Devils Lake basin’s 3,800 square mile
watershed. The amount of runoff entering the lake is
determined by a complicated set of circumstances which
result in widely fluctuating lake levels. Since the retreat of the
glaciers, the water level of Devils Lake has fluctuated from
about 1457.5 feet msl (which is the approximate elevation
that Devils Lake discharges water to the Sheyenne River) to
about 1400 feet msl. The level of Devils Lake is currently at
1437.8 feet msl. This is only slightly below its recorded peak
elevation of 14384 feet msl in 1867. Based on winter
snowpack and the potential for significant runoff, the North
Dakota State Water Commission (Commission) believes the
lake will rise above its 1867 peak, possibly into the 1440 feet
msl range. At elevation 1440 feet msl, Devils Lake covers
87,600 acres. In the spring of 1993, Devils Lake had 45,500
surface acres. This increase has had drastic impacts on
ranchers, homeowners, cabin owners, developers, city and
county governments, utilities, and roads.

In response to the problems in the Devils Lake basin,
the Commission has dedicated extensive employee hours. We
have implemented an Available Storage Assistance Program
(ASAP) to increase water storage in the upper basin. We have
looked at many outlet alignments and types of outlets
including pipelines, open channels, and gravity flow tunnels.
We have also looked at many intra-basin options, such as an
outlet to Stump Lake, road raises, and a Ziebach Pass dam and
closure,

This paper discusses a potential implementation of the
Devils Lake Emergency Outlet Plan (EOP) (1) to the
Sheyenne River to alleviate ongoing flooding problems. A
Wwater project of this magnitude has many issues. Engineering
design of an outlet, though complicated, is technically and
€conomically feasible and is probably the least difficult aspect
of the project. Other aspects of the project, which are more
difficult and controversial, include social, environmental,
Cultural impacts, and permitting. The Commission, U.S.
Al‘my Corps of Engineers, and other agencies have been
Involved in emergency outlet planning with the objective to
develop a project that is acceptable to people within the basin

as well as those downstream. Several meetings have been
held and more will be held with Canadian officials,
Minnesota state officials, the Devils Lake Spirit Lake Nation,
and individuals and groups along the Sheyenne and Red
Rivers.

II. OUTLET ENGINEERING FEASIBILITY

Due to the complexity of the issues, this paper
concentrates on the outlet engineering design which includes
the location, size, outlet configuration, cost, timeline, and
effectiveness. It will not attempt to address the larger
challenges relating to social, political, international, tribal,
and environmental concerns. The Corps of Engineers, the
lead agency for this project, with assistance from the
Commission, developed the EOP. The proposed plan will
comply with the National Environmental Policy Act, Clean
Water Act, Endangered Species Act, and the Boundary
Waters Treaty of 1909. As of February 1997, federal and state
agencies are waiting for authorization and funding to move
forward with project implementation.

The selection” of the EOP’s design was based on
numerous criteria including location, size, costs, right-of-
way, environmental and cultural concerns, water quality,
acceptability to downstream interests, effectiveness, permits,
and construction time.

A. LOCATION

Many outlet locations were evaluated. Alignments
evaluated included Peterson Coulee alignment and Twin
Lakes alignment from the West Bay, Fort Totten alignment
from the Main Bay, Mission Bay alignment, Black Tiger Bay
alignment from the East Bay, East Devils Lake alignment;
and East Devils Lake to Stump Lake alignment with various
outlet alignments from either West Stump Lake or East
Stump Lake. Another option is to reroute inflows around
Devils Lake directly to the Sheyenne River. Figure 1 shows
possible alignments.

The alignment selection is dictated by Devils Lake
water quality concerns. Total dissolved solids (TDS), a
measure of salinity, is the major water quality concern. Other
water quality parameters of concern include mercury, arsenic,
and downstream nutrient loading from the outlet because of
nutrient rich hypereutrophic conditions of Devils Lake. All
water quality parameters including anions, cations, heavy
metals, pesticides, etc., are being addressed.
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Devils Lake is a terminal lake and is highly saline, like
the Great Salt Lake. As lake water evaporates, minerals
dissolved in the water remain in the lake continually
increasing the concentration. This process is the reason why
Devils Lake contains large amounts of dissolved salts and
high concentrations of other nutrients and minerals. Devils
Lake salinity levels are significantly higher than the receiving
waters of the Sheyenne River. Devils Lake consists of several
large bays. These bays have significantly different TDS
concentrations. The following table shows the west to east
increase in salinity levels in Devils Lake.

TDS & SULFATE CONCENTRATIONS

(October 1, 1996)
LOCATION TDS SULFATES
MG/L MG/L
West Bay (South of Road) 1140 494
Main 1490 645
East Bay 2430 952
East Devils Lake 6770 3670

The salinity is lower in the west end of the lake because
the majority of the fresh water enters here. The primary inlets
to Devils Lake are Big (Mauvais) Coulee, which enters the
West Bay, and Channel A, which enters the Main Bay. These
two inlets have essentially the same water chemistry as is
found in the Sheyenne River. Therefore, if inflows were
rerouted around Devils Lake to the Sheyenne River water
quality would notbe an issue. Once water enters Devils Lake,
these water quality concentrations are increased by mixing
with lake water causing a significant water quality issue for
the receiving waters.

Although rerouting inflows around Devils Lake sounds
like an appropriate solution, there are several major
drawbacks. These drawbacks include the high cost of
implementation, the future viability of the Devils Lake
fishery, the upper Sheyenne River’s limited channel capacity,
and the similar timing of the rerouted Devils Lake inflows
and the high flows on the Sheyenne River. Based on these
concerns this option is not recommended.

The water quality standards and objectives set by the
North Dakota State Department of Health for the receiving
waters dictate that the outlet needs to remove the best quality
water possible from Devils Lake. The following table
illustrates these standards and objectives. There are no
standards for TDS on the Sheyenne, but there are for sulfates
which are a component of TDS.

WATER QUALITY STANDARDS & OBJECTIVES

—
Location TDS Sulfate
Sheyenne River None 450 mgy

Red River of North 500 mg/l 250 mgn
International objectives 500 mg/l 250 mgn

at U.S./Canada border

Alignments were parrowed down to the Twip Lakeg
and Peterson Coulee alignments from the West Bay of Devil
Lake because of water quality concerns. The topography
along the Twin Lakes is approximately 50 feet lower at the
divide than Peterson Coulee alignment. This elevatiop
difference reduces the initial costs of construction and the
operating costs for the Twin Lakes alignment. Based on the
lower costs, the Twin Lakes alignment was selected.

B. SIZE

The size of an outlet from Devils Lake is also dictated
by water quality. The other parameter influencing the size is
the Sheyenne River’s channel capacity. During development
of the EOP, the Sheyenne River’s bank full channel capacity
was estimated to be 500 cfs.

Sulfate loadings will be highest in the upper reaches of
the Sheyenne River, where flows are lower, allowing only
limited dilution.  Sulfate loadings will attenuate as outlet
water mixes with downstream inflows. Once water enters
Lake Ashtabula, the sulfate loading will decrease
significantly. Changes in the sulfate concentrations, in the
lower Sheyenne River, will basically be the same as Lake
Ashtabula. Once outlet water reaches the higher flows of the
Red River, the impact on concentrations are minimal and
within the more stringent standards of 250 mg/l.

In order to release water from Devils Lake and stay
within sulfate standards, outlet water will need to mix with
sufficient Sheyenne River flows. At times, releases will have
to be reduced to meet water quality standards. For example,
if the Sheyenne River is practically dry with a minimal flow
of 10 cfs the Devils Lake outlet will not be able to release 200
cfs and will be reduced significantly. It is necessary to have
good quality Sheyenne River water available to mix with the
highly saline Devils Lake water. Without the availability of
Sheyenne River water to mix with Devils Lake water, the
Devils Lake outlet cannot be used. Therefore, it is important
to have water in the Sheyenne River but not too high so that
Devils Lake water will cause the Sheyenne River to exceed its
channel capacity.
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The abrupt change in sulfate concentrations where
pevils Lake water enters the Sheyenne River dictates that the
outlet should be designed for only 200 cfs. Larger outlet
capacities were cvg{luatcd up to 600.cfs, but due to water

uality constraints it was not economical to make the outlet
jarger for the minimal amount of time it could be operated at
a rate greater than 200 cfs.

C. OUTLET CONFIGURATION

The pumped storage/open channel combination,
inown as the EOP, was selected after evaluating several
configurations, which included a pipeline/open channcl
combination, a pumped storage/open channel combination,
and an open channel gravity outlet. The Twin Lakes Pumped
storage Plan involves moving excess Devils Lake water
approximately 13 miles over the divide between Devils Lake
and the Sheyenne River. The selected plan involves pumping
lake water up into a series of three pools created by earth filled
dams. The pools act like a ladder to effectively raise the water
over the divide. At that point, the water flows down to the
Sheyenne River in an open channel. Figure 2 shows outlet
plan features.

Operation of the outlet will be limited to a 7-month
period (May 1 through November 30) to prevent ice damage
to the pumps and to avoid adding flow to the Sheyenne River
during spring runoff. Within this 7-month period, operation
will be restricted by downstream channel capacity and the 450
mg/l sulfate standard for the Sheyenne River. Operation
would also be suspended when any portion of the Sheyenne
River is threatened by flooding.

D. EFFECTIVENESS

Project effectiveness is limited due to channel capacity
and water quality constraints in the Sheyenne River. Inflows
during flood events at Devils Lake are significantly higher.
An inflow of 3000 cfs is not uncommon. At times, inflows
could be 15 times greater than EOP’s design capacity. Thus,
the lake would rise in response to these events. The goal is to
dampen the flood event initially and then draw the lake down
to a nonthreatening elevation after the event is over. In one
year (210 pumping days) at full capacity operation of the
outlet, 84,000 acre-feet of water would be removed from
Devils Lake, which would lower the lake level approximately
one foot. In an average year net evaporation removes
approximately one foot of water from the lake. Therefore, if
the outlet operated at full capacity (210 days) in an average
year, the lake level could be reduced by two feet.

Lake Ashtabula and the communities of Warwick,
Cooperstown, Valley City, Lisbon, Kindred, and West Fargo

will be affected by the increased flows on the Sheyenne River.
Some of the communities affected on the Red River include
Halstad, Minnesota, Grand Forks, and Emerson, Manitoba.
Mitigation of the increased treatment costs, due to increased
sulfate loadings and other water quality parameters during
outlet operations, may be needed. Such effects may persist
after operation of outlet ceases.

E. COST

The estimated first costs, including planning,
engineering, design, construction management, real estate,
quantifiable environmental mitigation, and construction, are
estimated to be $21 million. Estimated annual operation and
maintenance costs are $700,00 per year for a 7-month
operation (with operation suspended for the winter) and
approximately $200,000 per year when the project is not
pumping.

F. TIME LINE

There are two implementation scenarios. Scenario one
is a fast-tracked 29-month schedule, which assumes specific
Congressional emergency authorization and appropriations.
Scenario two is a 60-month timeline assuming that activities
are accelerated, but with normal authorization and
appropriations. Both timelines depend on close cooperation
between federal and state agencies, the Spirit Lake Nation,
and other local interests. Timelines will also depend on
timely authority and funding, no real estate delays, and no
litigation.

III. CONCLUSION

The EOP is one part of a three-pronged response to the
Devils Lake flooding situation. The EOP is not the total
answer to flooding at Devils Lake. A 200 cfs outlet could
remove 84,000 acre-feet per year if not constrained by water
quality concerns and the receiving waters channel capacity. It
will take several years of operation to have a significant effect
on lake levels. The second part is to continue to implement
upper basin storage to store flood waters. The third part is to
continue to address the immediate needs of the floodplain
around Devils Lake, including the efforts to raise the levee to
protect the city of Devils Lake, flood insurance, FEMA
mitigation for relocations of structures, road raises and other
remedial and preventive measures.

1. U.S. Amy Corps of Engineers St. Paul District (1996)
Emergency Outlet Plan Devils Lake, North Dakota.
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THE HUMAN-ECONOMIC ASPECT OF THE DEVILS LAKE BASIN

Dr. Lowell R. Goodman*
Kirk Jensen
Department of Geography, University of North Dakota
Grand Forks, ND 58202-9020

TRADE AREA

The Devils Lake basin is similar to the general trade
area. Reilly’s break-point formula is used to identify Devils
Lake’s trade hinterland among several competing citics, Grand
Forks, Fargo, Minot, Valley City, Jamestown and Bismarck,
to form the Devils Lake trade area map (Fig. 1). The break
point, or 50% shopper propensity line, is the critical line.

POPULATION FACTORS

Population data were compiled from 1950 to 1990 for
the city of Devils Lake and the Devils Lake trade area. After
the formulation of population data into different age cohorts
for these two areas, the population dilemma facing the
economy of Devils Lake was evident.

From 1970 to 1990 the population in Devils Lake’s trade
area, excluding the city itself, declined. Meanwhile, the
population of the city had a slight gain from 7,078! people in
1970 to 7,782% in 1990 (Fig. 2). The decline in population of
the trade area, excluding Devils Lake, is from 33,965 in 1970
t0 26,996 in 1990. The principal reason for the gain in Devils
Lake’s population is that it is a focal point for older age cohorts
in Devils Lake’s rural trade area.

The population age cohorts in the Devils Lake trade
area, excluding the city of Devils Lake, reveal a stairway
appearance throughout the past forty years, with the younger
age cohorts declining in population and the 65 and over age
cohort rising.

The population age cohorts for the city of Devils Lake
from 1950 to 1990 reveal how steady, percentage wise, the
populations in the 5-19, 20-39, and 40-64 age cohorts have
remained throughout this period (Fig. 3). However, the
number of people in the 65 and over age cohort has increased
steadily during this same period. Again, the reason for the
increase in numbers in the 65 and over age cohort is the
migration of this age group into Devils Lake.

The population in the rural region of Devils Lake’s trade
area will continue to decline, but the older age cohorts will
continue to grow, especially in the city of Devils Lake where
it may eventually take over as the leading age cohort in that
community. When the older people begin to die and the
younger people continue to leave for job opportunities, Devils
Lake will have a serious negative population problem.

ECONOMIC ACTIVITY

The introduction of large retail stores to Devilg Lake
will expand its trade area for the short term. Based op past
studies of Wal-mart stores, standard percentages have been
produced that reveal the impact of a Wal-mart store oy a
prospective community. Wal-mart and K-Mart are seryjee
industries and they will not create other jobs in the seryice
sector. The trade area will continue to decline in populatioy
and the increase in Devils Lake’s overall retail sales, createg
by Wal-mart and K-mart, will begin to diminish. Devils Lake
must therefore grow to replace this loss since it can not come
from the trade area.

After examining the population cohort figures, the
problem that faces the city is obvious. Figure 4 demonstrates
how the population of the surrounding trade area of Devils
Lake is retreating and will soon match the city itself. Figure
6, the projection of Devils Lake’s population cohorts, reveals
the 65 and over cohort as containing the largest number of
people by the year 2010. Figure 7 illustrates the decline in
population in every cohort for the surrounding trade area.

CONCLUSION

Considering the changes taking place in population
cohorts within the Devils Lake trade area, there are several
factors city leaders should consider

1. Become aggressive in economic development.
Population growth within thé 20-50 age group can come only
from within through jobs.

2. Without industrial jobs the age composition of Devils
Lake will change the retail mix of the city and more younger
cohorts will spend more money in Grand Forks.

3. Value added industry will keep Devils Lake a vital,
active city.

REFERENCES

1. North Dakota ata Glance, ND Census Data Center, NDSUs
pg. 124

2. Population Estimates for Cities, North Dakota 1990-19%4,
North Dakota Census Data Center, NDSU, pg. 1
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THE LANDSCAPE OF NORTH DAKOTA BEFORE MAJOR AMERICAN
SETTLEMENT: PRELIMINARY OBSERVATIONS

John B. Anderton*
Department of Geography, University of North Dakota, P.O. Box 9020, Grand Forks, ND 58203
e-mail: anderton@badlands.nodak.edu

INTRODUCTION

When one looks at the plains and prairies of North
Dakota today, one sees a landscape composed of fields,
rangelands, farms, small towns, roads, and small cities.
However, landscapes are made of various layers, composed of
cultural and natural elements, created or influenced by the
actions of people on the land (1). The present landscape of
North Dakota merely represents the latest melange of cultural
and ecological components, which form the uppermost layers
that are currently most visible. This contemporary landscape
was started when the region was first settled by pioneer
homesteaders, farmers, and ranchers, primarily after about
1870.  Cultural remnants of this pioneer, or frontier,
landscape can be seen in the form of historic buildings,
headstones in cemeteries, still-preserved wagon ruts, and
other historic objects. However, beneath these historic layers
are even deeper ones, which were formed prior to the time of
major American settlement. Information on this older
landscape is important to biogeographers, ecologists, and
others who are trying to understand the evolution of northern
Plains ecosystems, as well as to land managers interested in
restoring some areas to natural vegetation, and to social
scientists trying to understand the entirety of the region’s
landscape.

Landscape Interpretations

Although geographers and historians alike have
focused much effort on the Western frontier and historic
American settlement, few researchers have tackled questions
concerning the landscape before major American settlement.
What were these layers like? In other words, what was this
place we now call North Dakota like before major American
settlement? Ecologists indicate that the region now known as
North Dakota was originally grasslands vegetation, varying
from tall-grass prairie in the east to short-grass in the western
part of the state (2). In most cases, the original prairie
grassland, considered to be the “natural” vegetation of the
region, has been attributed to climatic origins, as well as the
impact of grazing herbivores (3, 4). The traditional
interpretation of pre-American landscapes has been that the
North American prairies were a grass-covered wilderness of
sorts; a landscape that was largely untouched by human
impact. However, Native American people were present in
the pre-American landscape. Nevertheless, as Pyne (5) has

observed, it is often assumed by the general public thy the
American Indian was incapable of greatly modifying pig
environment and that he would not have been much
interested in doing so if he did have the capabilities, Denevay
(6) has dubbed this questionable perception of the pre-
Columbian Americas as a wilderness largely uninfluenceq by
humans, the “Pristine Myth.”  However, the ecologicgl
influence of Native Americans in the development of the
prairie, especially in its eastern portion, has been recognized
by some workers (3 ,4, 7). Indeed, Anderson (3) maintaing
that most ecologists now believe that for the last 5000 years
prairic vegetation in the eastern United States would have
mostly disappeared if it had not been for the nearly annual
burning of the grasslands by the North American Indians,
Despite this statement, however, most ecological literature
concerning the ecology of the North American Prairies is
largely silent on the extent of the ecological influence of
Native people.

Purpose of Study

The purpose of this study is to provide at least a
preliminary reconstruction of the landscape of North Dakota
prior to major American settlement (c. 1870).  Using
Denevan’s (6) premise that Native peoples may have
influenced and, in some cases, determined the “natural” flora
and fauna of major regions, it was hypothesized that evidence
would be found to indicate a Native American irfluence on
plants, animals, and other resources on the pre-American
landscape of what is now known as North Dakota.

METHODS

A number of possible sources of information may be
used to get some sense of the landscape prior to major Euro-
American settlement. These include remnants of pre-
settlement vegetation, original surveyor’s notes and maps,
written accounts from explorers and travelers through the
region, and proxy indicators such as fossil pollen, plant
macro-fossils, faunal evidence, soils, and other indicators of
environmental conditions. The primary source of
information used in this study consisted of a number of first-
hand observations taken from older journals, which were
written prior to pioneer American settlement (Table 1).
These journals were read to find descriptions of the landscape
that might illuminate past environmental conditions.
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Table 1. First-Hand Accounts of the Landscape of North Dakota Prior to Major American Settlement

Present-Day Observed Area in and/or near North Dakota:

Assiniboine River, Missouri River, central North Dakota
Souris River to Missouri River, central North Dakota, Red
River Valley

Red River Valley from Pembina to Park River, eastern
North Dakota/ western Minnesota/ southern Manitoba

Red River Valley from Lake Traverse to Winnipeg, eastern
North Dakota/ southern Manitoba

Red River Valley from Lake Traverse to Winnipeg, eastern
North Dakota/ southern Manitoba

Missouri River, central North Dakota

Southwestern Minnesota, eastern North Dakota

Joumal Author and Background: Dates:
pierre Gaultier de La Verendrye (8) - | 1730-1739
explorer, fur trader

pavid Thompson (9)- geographer, 1797-1798
explorer, fur trader

Alexander Henry, the Younger (10) - | 1800-1804
fur trader

Major Stephen H. Long (11) - 1823
military expedition leader

James E. Calhoun - member of 1823 | 1823

Long Expedition (11)

George Catlin (12) - painter, writer 1832
Joseph Nicollet (13) - scientist, 1838, 1839
expedition leader

RESULTS/DISCUSSION

Obviously, native people had an impact on their
landscape. However, the extent of this impact is difficult to
measure. On the northern plains, including North Dakota,
native people had two basic cultural adaptations: semi-
nomadic bison hunting and semi- sedentary village
agriculture and hunting (14). In general, population
numbers were probably relatively low.  What types of
ecological impact would be expected from such life ways,
which could be readily observed and recorded by historic
journal authors? What would be visible in terms of landscape
components such as vegetation patterns and other obvious
biological elements such as large herds of animals? Three
basic types of ecological impact seem obvious: direct impact
of settlement (immediate resource use), impact on animal
populations due to hunting, and use of fire.

Of the three possibilities mentioned above, the third
ittm was probably the most important element in the overall
Creation of the landscape. A recentcollection of papers on the
fole of fire in North American tall grass prairies (15)
indicates that fire was a necessary component in the
Maintenance of the eastern portion of the Great Plains.
Ethnographic studies indicate that Native Americans burned
the grasslands for a variety of different reasons, including
driving of game (primarily buffalo) and for the improvement
of grazing conditions for buffalo (16). Therefore, it was
thought that evidence for widespread burning would be an
Obvious landscape element observed by the journal authors.

Fire in the Landscape of the pre-American North Dakota
Plains

Fire-Maintained Open Landscapes

To begin, the indirect influence of fire is obvious in
many journal entries which describe the openness of the
prairies. In the earliest written observations of the region,
Pierre Gaultier de Varennes de la Verendrye (8) in referring
to the lands southwest of the Assiniboine River, remarks that
“...there is no wood in all that vast country (p. 50).” In one
of the most detailed journals from the period, Alexander
Henry (10), a fur trader who spent the years 1800-1804 on the
Red River, describes the area between present day Park River
and Pembina as “...one continual plain, where not the least
hillock nor wood of any kind is to be seen (p. 94).” He
describes the area north of present day Grand Forks as
“...smooth and open, without a stick to be seen, except the
woods of Red river, and some spots along the Turtle river (p.
139).” While traveling between Devils Lake and the Red
River in 1839, French explorer Joseph Nicollet (13)
expressed concern over the availability of wood and water,
noting  “the region is entirely without them (p. 198).”
Similar observations were also made farther west. After the
steamboat he was passenger on became stuck on a sand bar in
the Missouri River in 1832, the painter George Catlin (12)
walked overland across part of what would become western
North Dakota to reach a fur trading post. Catlin indicates,
“Every rod of our way was over continuous prairie, with a
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verdant green turf of wild grass of six to eight inches in
height... (p.218).”

The Canadian geographer and explorer David
Thompson (9) suggests that the fire played a key role in
maintaining the openness of the North American prairies. In
his journal from wintering on the Red River in 1798, he notes
“Along the Great Plains, there are very many places where
large groves of Aspins [sic] have been burnt, the charred
stumps remaining; and no further production of Trees have
taken place, the grass of the Plains covers them; and from
this cause the Great Plains are constantly increasing in
length and breadth...(p. 185-186).” Thompson, who also
traveled across what was to become the north-central part of
the state in early winter of 1797 from the Souris River to the
Mandan Indian villages along the Missouri River, also
remarked on the presence of fire on the plains. Thompson (p.
167) describes the forests along the Souris River as very
patchy, separated from each other by several miles. He goes
on to say that in the summer , “.when the grass is set on
fire...” only certain trees have a thick enough bark to avoid
being killed. Thompson was probably talking about the fire-
resistant bark of the Bur Oak. His descriptions also hint at a
human source of ignition. On his retum trip to the north,
Thompson indicated that, “The grass of these plains is so
often on fire, by accident or design, and the bark of the Trees
so often scorched that their growth is contracted, or they
become dry...(p. 181).”

Widespread Fire in the Landscape

The widespread presence of fire, as well as seasonality
of occurrence is also clear from the journals. Thompson (9)
indicates”...and the whole of the great Plains are subject to
these fires during the Summer and Autumn before the snow
lies on the ground (p. 181).” Alexander Henry’s journal (10)
from his trading post at Pembina, holds several entries that
describe widespread prairie fires in the Red River valley
during the spring and fall between 1801 and 1804. On April
30, 1802 he notes “Fire on the plains in every direction (p.
196).” For April 8, 1803, Henry indicates “Plains on fire in
every direction (p. 210).” On October 4, 1803, he indicates
“Fire is raging at every point of the compass; thick clouds of
smoke nearly deprive us of the sight of the sun, an at night the
view from the top of my house is awful indeed. In every
direction are flames... (p. 228).” Later, on October 24
(1803), he notes “The Plains are burned almost everywhere;
only a few small spots have escaped the fury of the flames
(p.229).” In November of 1804, he notes the aftermath of a
prairie fire as, “Plains burned in every direction...,” and he
goes on to describe several buffalo wandering about the plains
west of Pembina that were blinded by the same fire (p. 254).

Fire and Vegetation Patterns

The pattern of original forest growth algp
courses in the region also seems to support the notion of f
being a major part of the landscape. Major Stephep H Lo"e
(11), who directed a military expedition along the Reg Ri\:] s
in 1823, observed “The woodlands of this country gre meer
Jfringes along the water-courses... (p.179)” Alexander Henre
(10) also describes the distribution of forests along the Tiver
Writing about an area just north of the presem.da'
international border, he indicates that “the land on the . sid};
is well wooded for a mile in depth; then succeed low Poplary
and willows for two miles or more, where the Plaing
commence (p. 78-79).” It appears that because the tiver
acted as fire breaks, stopping fires that would have most
commonly been blown by prevailing westerly winds, the east
sides of the rivers had more extensive groves of trees, Dayig
Thompson’s (9) observations of the west side of the Red River
in 1798 just north of the border also seem to support this
conclusion, also. He notes (p. 185), “We journeyed on the
west side of the River; the whole distance was meadow lang,
and no other Woods than saplings of Oak, Ash, and Alder.
From the many charred stumps of Pines it was evident this
side of the River was once a Pine Forest.” Joseph Nicollet
(13), who explored what was to become southwestern
Minnesota in 1838, also indicates that although rare, small
groups of trees, called by his métis guides, “I’ile de bois” or
islands of forest, could be found on the prairies, “...which are
protected from fires by streams of water or other
irregularities of the terrain (p. 56).”

Native Americans as a Source of the Fires

Were Native Americans responsible for the prairie fires
recorded in the journals? . Although lightning was
undoubtedly a source of fires, it is clear that many prairie fires
had their origins with Native people. Henry’s (10) journal
describes a prairie fire thdt was accidentally sct by Cree
Indians on December 1, 1801 on the south side of the Park
River, where he “...could plainly distinguish the flames,
which at intervals rose to an extraordinary height, as they
passed through low spots of long grass or reeds (p. 158-
159).” It appears that most fires were probably caused by
people based on the seasonality of the occurrences. The
historic journals indicate fires during the spring, fall, and
winter, rather than during the summer months, when
lightning frequency would be its highest during summer
thunderstorms. But why burn the prairie? James Calhoun
(11), a member of the 1823 Long Expedition to the Red River,
in a rather lengthy discourse remarked that, “Annual fires
remove all vegetable deposit. The Indian sets fire to the
prairie....”and “...we may safely say that all the prairies of the
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ontinent. with little exception, are burnt every year. Places
fhat have had respite of only a few months are covered with
dense thickets. Observation & reflection, so far has [as] 1
jave capacity in viewing a subject interesting to me, have
Co,winced me that fire is the cause of the existence of prairies
(p. 303)-? . . .

Evidence for the burning of vegetation as a traditional
Native American land management practice are widespread
for North America (6 ). On the Plains, Native people used
fire for a variety of different reasons. According to Nicolet
(13) who traveled through southwestern Minnesota and
eastern North Dakota in 1838 and 1839 (), “...all the prairies
watered by the Mississippi and the Missouri are the work of
the Indians who destroy by fire the rich vegetation to assure
(hemselves of animal food (p. 66-67).” Calhoun’s first hand
account from 1823 in the Red River Valley (11), indicates that
Native Americans set fires to “...distract pursuit by the smoke
& by destroying all trace of his passage; to keep the country
open & thus invite the buffalo, and enable him to see & chace
[sic] his game; to give notice to his friends of his approach or
to warn them of the presence of the enemy; the traders by the
same mean[s] bring to them the Indians; the prairies are
often burnt by the spreading of the fires of encampments...
(p. 303).”

Although the burning of prairies grasses could be used
a warfare method, widespread firing of grasses was probably
done for other reasons. In his exhaustive study of the natural
history of the American bison, McHugh (16) indicates that
“grass firing” was used as a means of encircling and driving
bison herds on the eastern prairies (p. 69). Perhaps more
importantly, McHugh (16) indicates that grass firing was
also done by several plains tribes in the fall, winter, and
spring to stimulate a premature crop of fresh green grass that
would lure herds to the area (p.70). Recent studies have
found that ungulates, such as bison, preferentially graze grass
vegetation in burned areas because of the greater productivity
and nutritive quality of forage following fire (4). Therefore,
itis suggested that widespread burning of the eastern portion
of the Great Plains was done by Native Americans to increase
grass quality for grazing bison and maintain the openness of
the region.

CONCLUSIONS

A Cultural Landscape before American Settlement

Today, prairie fires are a thing of the past and the
modem landscape of North Dakota may be said to be in a fire
Suppression regime. The effects of fire suppression may be
Seen in areas, such as river valleys where forest growth is very
dense. Had there been no human-induced fires on the part of
Native Americans, much of North Dakota, especially the
€astern portions, probably would have been more wooded,
Tather than open prairie, at the time of American settlement.

Although the potential influence by Native American people
on the ecology of the plains was small compared to that of
modemn society, the influence was of great duration.
Archaeologists indicate that people have been living on the
plains, including North Dakota, for at least 10,000 to 12,000
years (14). Such a long presence in the region allowed
traditional Native American forms of land use, such as the
practice of burning, to have a substantial impact on the
landscape of North Dakota.  Patterns of vegetation,
reconstructed using historic journals, suggest that long-term
Native American use of the northern Plains created a subtlc
cultural landscape rather than a “natural” landscape. The
pre-American landscape of North Dakota was a fire
ecosystem, maintained by Native Americans.

Future Research

The preliminary observations presented above are
merely interpretations of historic journal records. The idea of
prairie fires being largely attributed to human ignition is very
debatable. Further evidence is needed before this notion can
be firmly accepted or rejected. Future research should
concentrate on further perusals of other historic journals for
the region. Data concerning electrical storms should also be
examined to determine the extent of fires caused by lightning.
Sources of physical evidence, such as fire-scarred old growth
trees, if they exist, may also lend proof to the human ignition
thesis. Finally other forms of proxy data may exist in the
region, including charcoal lens in pond deposits, or other
stratigraphic records of widespread fires.
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LEADERSHIP AND COMMUNITY DEVELOPMENT:
THE CASE OF RURAL NORTH DAKOTA

Janet Kclly Moen*
Department of Sociology, University of North Dakota, Grand Forks, ND 58202

Historically, leaders have served as the benchmarks of
pistory- Much, if not most, of our documented lcgacy centers
either on the actions or the thoughts of bold individuals who
Jeft copious deeds or documents for posterity to ponder,
admire, emulate, celebrate, and in some few cases, to regret.
Almost inevitably, these individuals were men, and in most
cases their failings as leaders were minimized, ignored or
forgotten. Thus the texts used to educate our youth are filled
by an endless parade of larger-than-life leaders, marching
across the pages, socializing generations to an image of
leadership which few could hope to emulate.

With the rise of social science investigation, new
understandings and conceptualizations of leadership began
to take shape. Over the past century, such investigations into
leadership as a distinct topic have evolved in phases. Logically
following from historical tradition, early theories concentrated
on traits of leaders, and were quite oriented toward individuals.
Around the time of World War II, behavioral theories became
established and flourished for a couple of decades. The 1960’s
saw the emergence of contingency theories, followed by an
emphasis on transformational leadership, ethical leadership,
and charismatic leadership. Most recently, Yukl (1) has
attempted a holistic integration of insights from this
voluminous body of theory and research.

Leadership theory has most often been linked to
psychological paradigms, and in more recent years, the bulk
of the literature has emanated from the ficlds of industrial
psychology and organizational behavior. Hence the nature of
much of the work centered around psychological and social
psychological variables. In the more recent work, particularly
that of Burns (2), followership has been elevated to a more
significant place in the schema, and the significance of the
activity of mobilization of others has been highlighted.

Meanwhile, the political and social context of the
“maturing” of American society has left many in our country
floundering in search for meaning, direction, or at least a
semblance of value-consensus to focus civic activity on positive
and constructive goals. Near brutal public scrutiny of elected
officials, corporate executives, and other contemporary leaders
has left the public apathetic and jaundiced, if not totally
demoralized concerning the capacity of our leadership.
Whether or not these popular figures are any worse than many
of those who became legends of history is difficult to
determine, but the effect is one of pervasive malaise. This
Malaise is poignantly underscored by the empirical fact that
half of the eligible citizens in the world’s leading democracy

cannot inconvenience themselves to stop by a local polling
both and cast their vote for their ultimate leader—the President
of the United States.

Simultaneous with this rather pessimistic political and
cultural scenario, a social movement of sorts has been brewing.
It encompass a series of activities which have taken place
across the county to promote the idea of “citizen leadership.”
It is comprised of some unlikely players, who may not be
allicd in fact, but are undoubtedly linked in spirit. The first,
and probably oldest, ségment of activities in the leadership
devclopment movement has been sponsored by local
Chambers of Commerce in an effort to increase the pool of
“knowledgeable” people in a given community who might
be tapped for leadership roles. These programs typically
attracted up to a hundred participants a year in a community
building “course” which meet monthly from fall to spring,
acquainting the group with various segments and issues of
the community, and in some cases, offering them skill
development in activities designed to help them to exercise
their leadership potential. Enough of these programs
developed across the country that, about two decades ago,
their supporters saw their common purpose, and organized
themselves as the National Association of Community
Leadership Organizations. This organization has since grown
to include over 400 member organizations, representing tens
of thousands of participants, and identifies itself as
COMMUNITY LEADERSHIP, or the National Association
for Community Leadership. Itis essentially an urban-oriented
phenomenon, as participants must come from communities
large enough *0 have an active Chamber of Commerce.

A second source of this leadership development effort
was developed by the Cooperative Extension Service. Many
counties across the country have had the luxury of maintaining
an Extension leadership specialist. These people are trained
in leadership development aimed at enhancing community
development, and often more particularly, economic
development. They have also formed a formal organization,
the Association of Leadership Educators, which has about
150 members around the country. They work with people in
predominantly rural areas, at the small town, county , regional,
and occasionally state levels (3).

These types of activities have become so prolific that a
National Clearinghouse for Leadership Programs has been
established at the University of Maryland to help interested
parties filter through the barrage of materials which have been
created spontaneously across the country. The production of
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leadership development manuals, videos, and seminars has
become a virtual cottage industry of modern society. The
“shops” are strewn across college campuses, foundations,
Extension offices and in private consulting firms.

The important message in these various leadership
activities is that a transition is bcing made from a view of
leadership as an elite activity to an cndcavor in which many
citizens may take part. It is a kind of democratization of
leadership. Leadership is no longer viewed as a scarce
commodity to be analyzed and studied but as a phenomenon
which can be expandcd as a skill to be taught in a community
context.

North Dakota has four metropolitan communitics in
which the Chamber of Commerce sponsors these types of
leadership programs: Grand Forks, Fargo, Bismarck, and
Minot. In Grand Forks, for example, Leadcrship ’85 began
in 1985 and has continued with about 30 participants annually,
forming a pool of about 350 individuals who have been
challenged to engage in leadership activity. Three smaller
communities, Williston, Jamestown and Grafton, have
recently initiated successful programs. Telephone interviews
were conducted with Chamber staff around the state in early
1997 and the resulting demographics of these programs are
listed below in Table 1.

The collective efforts of each of these communities has
provided a potential pool of over 1800 people who have
demonstrated incentive to act in some type of leadership
capacity. These numbers do not include the youth programs.
For example, Fargo is sponsoring it’s second year of a program
for 36 sophomores and juniors from local public and private
high schools. In Minot, the Community Leadership Institute
routinely included two high school and two university students
in their program for a few years.

Two factors in these types of community effory
can enhance the potential of these leadership prog
the formation of “alumni associations,” and commuyp;
projects. The alumni groups provide an ever e"Pandi“
network of participants who take an active intereslr?
maintaining and continuing to develop and utilize thelin
leadership skills and abilities. Three of the programg “%le(;
abovce have active alumni groups. Also, when ngfmns‘;mk
the participants to do a community or field project, the eng,
of the group is mobilized to community service, and
individuals have an opportunity to practice the skillg which
they are learning and discussing. At least three of these
communities require a community project. Overall, the
potential of this on-going effort scattered across the state Might
be greatly enhanced through the development of a state-wide
network of leadership development programs. The Bismarck
Chamber of Commerce has made some initial attempts to g
this, and those involved agree that it is an idea whose time
has come, but scheduling difficulties have limited any resyjis
to date.

In the rural areas, leadership has been left more to
chance. The largest coordinated effort to date has been the
Dakota LEADers program, which involved about 100
individuals in 16 communities across the state, over the period
from 1989-91 (4). Other efforts, especially by Extension,
and including the popular Family Community Leadership
program, have often targeted high school students and youth
organizations. Overall, people in rural communities have
traditionally had less sustained access to capacity building
activities than have their more urban counterparts. Most
recently, the North Dakota Rural Development Council has
madc leadership development a priority item, and their efforts
may further develop the potential of this creative tool.

S Whig
Tams are

North Dakota’s Chamber Sponsored Community E::tl;::ship Development Programs
Community Number of Approximate Approximate total
Yyears operating class size number of participants

Bismarck 8 15 120
Fargo 14 36* 500
Grafton 3 12-15 40
Grand Forks 12 30 360
Jamestown 4 15 60
Minot 26 25-30 700
Williston 2 9-10 20

*recently expanded to 45 TOTAL 1800
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The major issue facing the North Dakota effort is the
of model, or absence thereof, of any attempt to enhance
developme“‘ in the state through the education and training
of individuals being nurtured to take on Icadership roles. The
fograms listed abmre operate on a fairly established model,
almough“"‘riety exnst._s .from program to program. In 'lhe
smallest rural communities, however, the model for any kind
of leadership development may bc more nchulous. The brief
review of theory and conceptualizations cited above should
Jeave any astute reader wondering about the transferability of
individualistic and corporate modcls of leadership for
community development, especially in a particularly rural
state. In fact, this is most problematic. What criteria should
pe advanced for a lcadership development effort for any
generally rural region, and for North Dakota in particular?

The logic of this task impels us to examine the terms
«community” and “leadership” in a social context that takes
into account the reality of geographically detached places.
Four ideas form the corners of a relevant model. First,
leadership must be viewed as a social, as distinct from an
individual function. That is, by conceptualizing the leader
as an actor in a social context, rather than as a social actor,
the importance of social exchange is underscored. This
orientation suggests that we look at the network of interactions
in which any potential leader is embedded as a viaduct for
bringing various kinds of resources from the larger society
into a rural community. It also suggests that leadership can
be conceptualized as a location in a social and geographic
nexus.

Second, for the geographic morphology of rural
communities, it may be convenient to divide those social
networks engaged in by leaders as those which are local and
those which are trans-local. In this model, trans-local
networks may be seen as sources of many exchanges which
could be made through appropriate contacts. These could be
in the form of other contacts, ideas, programs and curriculums,
grants, exchanges, or capital, for example. Comprehensive
local networks, or those within the community itself, may be
seen as mechanisms of equitable distribution of resources, as
mobilization sources, or as support groups. The operative
term here is on comprehensive community building, where
all sectors are recognized and included, as opposed to “old
boy” types of linkages. '

Third, we can look at these two sets of social networks
?n a very comprehensive manner, to maximize the potential
Interplay of any leadership actor. People have different
strengths in the way in which they interact with different
Community segments, and the members of those segments.
The local community may be divided up into basic sectors,
oOver which there may be some to very little overlap. Typically,
Communities have certain sectors which are heavily involved
In development types of activities, and other sectors which
have tremendous resources, but do not get involved in
community or economic development. For example, education

and religious sectors are often left out of development, while
associations of growers or other economic actors join with
political officials to spearhcad community development efforts.
On the trans-local level, an individual may interact with a
trade organization, or professional association, but rarcly arc
thesc trans-local contacts scen as resource suppliers for the
larger local community.

Finally, if we think about ways of increasing the
comprehensiveness of (he individual network systems, a team,
or collaborative modcl may work best for smaller rural
communities. In this way, a community can take advantage
of the sum of the linkages which a cohort of strategically
sclccted citizens possess. This should actually guarantec that
the whole become greater than the sum of the parts, through
the synergistic interplay of the idcas, contacts, and rcsource
exchange potential of members of the community.

This type of collaborative model is not cntircly
dissimilar to the cooperative growers facilitics which are
springing up across the state. Another indicator of the
popularity of collaborative work in rural areas can be found
in the community development corporations. It would seem
that North Dakotans are particularly adept at working together
in egalitarian organizational units. Thus this type of
leadership model may indeed prosper in the more rural areas.
It also holds the potential to give confidence and security to
individuals who are new to the “leadership field, “ for example
women or younger people.

Properly organized, smaller rural communities can
capture development potential similar to that of the larger
cities in the state where North Dakotans have proven their
capacity to create and sustain leadership development
programs. The next step is to coordinate existing efforts and
create viable new initiatives to serve smaller communities.
The potential exists for the use of the Interactive Video
Network (IVN) to greatly increase the educational program
delivery component of such an effort. What is then needed is
a sponsor, preferably at the state level, to organize a structure
to link all of the leadership activities into a strategic force
authorized to capture the latent energy of the citizens of the
state. This effort begins with the realization that leadership
is everybody's business.
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A PILOT STUDY OF FAST FOOD RESTAURANTS AS A FORM OF CULTURAL LANDSCAPE ELEMENT

Douglas C. Munski*
University of North Dakota
Grand Forks, ND 58202

Introduction

Contemporary American textbooks for introductory
human geography courses are marked by a high degree of
similarity in terms of identifying the topics deemed to reflect
important themes and concepts in this social science-oricnted
form of geographic inquiry (1, 2, 3, 4, 5). Chapters which
generally are prescnted to the first-year undergraduate--who
typically has not had a formal course in geography since the
seventh grade--include an overview to core concepts of the
discipline, population, migration, language, religion,
ethnicity, folk culture, popular culture, economic sectors with
a focus upon primary sector and secondary sector activities,
rural settlement, urban settlement, political systems, and
human-environment interaction, i.e., the human response to
natural hazards and resouce management. Tucked within
the representative chapter that emphasizes popular culture
frequently are case studies concerning phenomenon which
are supposedly of keen interest to undergraduatcs, e.gs., the
diffusion of sports, music, transportation forms, and foodways.
It is this last cultural trait, foodways as expressed in the
distribution of fast food restaurants, that has been frequently
utilized for study in the introductory human geography course
at the University of North Dakota using the community of
Grand Forks as a living laboratory. Preliminary results
garnered through 15 years of student writing exercises and
more than 19 years of personal anecdotal experience with
this phenomenon indicate that fast food restaurants are
landscape elements that might be overlooked frequently as
components in the cultural landscape of this North Dakota

city.
Literature Review

Studies of the cultural landscape which emphasize
popular culture phenomenon have been a major research focus
since the late 1960s of those geographers best identified as
interpreters of the vernacular landscape (6, 7). Such
geographical inquiries frequently are undertaken as qualitative
studies with a humanistic approach and are more akin to the
works of anthropologists and historians (8). While some
attention is given to quantitative techniques for analysis in
many of these popular culture studics, even those papers
emphasize the goal of the research is to explain the sense of
place associated with that phenomenon and given
geographical locations.

Among the most significant geographical studies on

foodways is the work of Richard Pilsbury (9). Hig Seming]
monograph, From Boarding Hous istro, is g Major
starting point for the analysis of the distribution of any type
of restaurant as an clement of the cultural landscape. Takiy
a historical geography approach, Pilsbury succinctly covers
the shift of American cating habits outside (he home frop,
pre-Fedceralist Era taverns to modern national franchiseqg
eating emporiums such as the “Big Three” of hamburger sajes
fame: McDonald’s, Burger King, and Hardee’s. Yet,
geographical treatises on foodways such as that of Pilsbury
and articles from other geographers (10, 11) need to be
supplemented with literature drawn from restaurant trade
publications and the popular press, too.

The food industry in the United States is a highly
complex and increasingly vertically integrated economic
activity. The contracting of certain primary sector producers,
e.g., potato growers, to insure consistency of raw material for
selected secondary sector manufacturers, e.g., french fry
processors, so that the food retailers in the tertiary sector,
e.g., McDonald’s, will have a standard product has been
influenced heavily by market research at the quaternary sector
level which in turn has been driven by administrative
dccisions in the quinary sector as illustrated by John F. Love
in McDonald’s: Behind the Arches (12). Thus, restaurant
trade publications reflect a shift from describing the latest
cooking gadget to increased attention to the global market
place seeing as how American popular foodways have been
diffused internationally well before the first McDonald’s
outside the United States was established in Canada in 1967
(13). It must still be remembered, however, that the
American-style fast food resfaurant increasingly is making
its presence felt on the international scene as pointed out by
Butler (14) concerning Burger King’s plans to supplant the
salmon-rice burger in Japan with its brand of beef-based
burger. Meanwhile, back in the United States there is a
growing acceptance of foodways from other parts of the world
such that even fast food restaurants are offering a version of
Italian cappacino as an alternative to coffee and soda pop as
is seen in the three Hardee’s facilities in Grand Forks. Yet,
how do fast food restaurants have impact upon the cultural
landscape as a form of landscape element?

Methodology

In order to answer the above question, a research
methodology needed to be developed and implemented. Based
upon a search of the literature of popular culture as reflected
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in the wrili{lg,? of historians, anthropologists, an'd.culture
studies specialists as.well as geographers, the dgcmon was
made 10 approach this problem-statement more in terms of

yalitative research (). This also reflects the orientation of
the introductory human geography course at the University
of North Dakota that takes into account the predominantly
n(,,,.quamitative backgrounds of undcrgraduates enrolled in
that course seeing as how the results of this research are
intended to be a prototype for future research by that group of
students.

Having elected to follow a qualitative research design,
the next step was to clarify the definition of the phenomenon
1o be studied and to determine the time frame and locational
gcographical limits of such a study. Whilc there are numerous
ways of defining a fast food restaurant, certain key elements
emerge: a limitcd menu and specific combinations of what is
to be found on that menu, reliance upon pre-packaged and
frozen food products, absence of waiter/waitress service,
ordering off amenu board at a food counter, speedy preparation
of food, relatively inexpensive food, availability of a drive-thru
as a means of food delivery, food servers/preparers in a
standardized uniform if a franchised fast food establishments,
and the restaurant itself having a distinctive style of interior
design as well as standardized exterior if part of a local,
regional, national, or internationl chain of fast food
establishments. Pizzarias, full menu cafeterias, dairy bars,
fruit juice bars, donut shops, taverns, and steakhouse-style
cafeterias, e.g., Ponderosa, were excluded from consideration
in this pilot study. These characteristics became the basis for
the working definition of a fast food restaurant.

The time frame for this study was limited to 1996 and
restricted solely to the city limits of Grand Forks, North Dakota
and East Grand Forks, Minnesota. These limitations were
made for reasons. First, the goal of the study was not to be
a comprehensive historical geography of eateries in
metropolitan Grand Forks. Rather, this research was to be a
pilot study to establish benchmark data. Second, while Grand
Forks Air Force Base (15 miles west of Grand Forks) is part
of metropolitan Grand Forks, access to this military
installation for field work could not be arranged satisfactorily.
Finally, the parameters of the experimental design needed to
be relatively simple for later use with the undergraduates in
the introductory human geography course at the University
of North Dakota.

Data Collection

Using the aforesaid definition of a fast food restaurant,
an inventory was made of the restaurants of Grand Forks using
various telephone directories, city directories, and publications
from the local convention and visitors bureau. Thirty-two
festaurants qualified as fast food restaurants using the
restricted definition with the majority of them being affiliated
with a major international fast food restaurant chain.

Verification of the location of these fast food restaurants was
madc by visiting each one and field notcs as well as
photographic records made of the exteriors of these facilities;
taking photographs of interiors was discourziged by the various
managers because of local interpretations concerning company
policics against unauthorized or unofficial documentation of
conditions within the specific fast food restaurant.

Data Analysis

Once the data was collected, the locations of the fast
food restaurants were plottcd on a map of Grand Forks similar
to what is being used in the introductory human geography
course at the University of North Dakota for student projects
using the local community as a living laboratory (Figure 1).
The distribution of the 32 fast food restaurants were analyzed
in terms of density per thousand people, dispersion over the
study area, and pattern types (random, clustered, and linear).
While this form of data analysis is highly simplistic, it is an
effective means to establish benchmark conditions for future
study of the phenomenon using more more sophisticated
qualitative measures and quantitative technques of analysis.

Interpretation of Results

Preliminary results of this research have indicated that
certain fast food restaurants which are international chains
definitely dominate the cultural landscape of the this form of
eateries in Grand Forks. Six major points have emerged in
this study thus far. First, the high level of popularity of
sandwich shops is seen in the great number of Subway
facilities and in the seemingly near even dispersion of this
fast food restaurant at eight sites in the study area. Subway’s
local management cleverly has joined with selected business
to provide itself a built-in market at three of those sites in
addition to the chain’s free-standing stores. Having a Subway
in a truck stop that also includes a traditional trucker’s
restaurant as in the case of the Big Sioux Truck Stop on 32nd
Avenue South just off of Interstate 29 may seem at first to be
a contradiction, but the relationship is mutually beneficial as
two different clientele’s can be serviced while stopping to
purchase gas and related travel necessities. The Subway
facility in the Holiday Station Store on 32nd Avenue South,
while seemingly close to the one in the Big Sioux Truck Stop,
is drawing the east-west traffic in contrast to the former’s
oricntation to the north-south traveling public. The east-west
traffic along U.S. Highway 2 is lured in for a sandwich by
Subway through its shared facility with the Holiday Station
Store along that route in East Grand Forks. Subway, however,
apparently has not eliminated the local grinder/hero sandwich
type restaurants as exemplified by Fat Albert’s and the Red
Pepper’s two facilities.

Second, Grand Forks is a hamburger town when it
comes to the competition to Subway. There is no fast food
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restaurant that emphasizes fish as would be the case of Long
John Silvers or Skipper’s nor is there any fast food restaurant
which emphasizes hot dogs such as Skinner’s which is located
in Selkirk and Winnipeg, Manitoba. There is only one
chicken-oriented fast food restaurant, KFC, and one roast
beef-style eatery, Arby’s. None of the West Coast
Japanese-style fast food restaurants such as Yoshida Bowl had
reached Grand Forks by the end of 1996, leaving the ethnic
fast food market in the kitchens of Mcxican-style eateries such
as the solitary Taco Bell and three Taco John’s. If a person is
hungry for a hamburger, however, one can have a Big Mac
attack at three locations with McDonald’s, “have it your way”
at one of three Burger King facilities, or “hurry on down for
a charchoal-broiled” burger at three sites selling Hardee’s
products. Despite the pressure from the “Big Three” of
hamburgerdom (McDonald’s, Burger King, and Hardee’s),
local hamburger-oriented fast food restaurants survive in the
form of Burger Time and two seasonal drive-ins: the Kegs in
Grand Forks and the Riverside Drive-in of East Grand Forks.

Third, the distribution of the fast food places is
predominantly linear. If one were to make a series of looping
rides along Washington Street, Columbia Road, 32nd Avenue
South, or Gateway Drive (Business U.S. Highway 2), one could
reach almost all the fast food restaurants in Grand Forks and
East Grand Forks. These, of course, are the most heavily
traveled highways, and because of zoning restrictions, the
often expected campus eateries are not found on the periphery
of the University of North Dakota; however, there is a fast
food restaurant (a Burger King) and a second one planned to
open (Subway) within the campus as contracted eateries which
reflects the nationwide trend toward dining contracts between
fast food restaurants and institutions of higher education.

Fourth, the cultural landscape is not cluttered with fast
food restaurants along the highways and streets even though
such facilities do dominate their respective sites with their
distinctive architectural styles, especially at night with various
forms of electric lighting. Unlike many communities of a
similar population size, Grand Forks does not really have a
“fast food alley” with each of the competiting chains in direct
line of sight, i.e., “cheek and jowl,” with each other and
clustered on key intersections. Thus, as a landscape element,
fast food restaurants are present but are not overwhelming
the cultural landscape of Grand Forks.

Fifth, the central business district (CBD) of both Grand
Forks and East Grand Forks are devoid of eateries that clearly
met the limited definition of a fast food restaurant for this
pilot study. Admittedly, several establishments came close to
being included in the data base because of meeting several of
the criteria of the definition. However, the slowness of the
service at those eateries became the key factor in excluding
them as being a fast food restaurant.

Finally, the fast food restaurants of Grand Forks are
frequently overlooked as a component of the cultural landscape
because of how ubiquitous they are and are so often a

destination for meals and snacks by the residents of Gran,
Forks. Because of the standardized architectural Styles of u,d
regional, national, and internationl chains of fag foo;
restaurants, the travelers and local community members
not have a visually surprising streetscape to searcl Wheg
secking a place to eat. Only one of the fast food restaurangg
of Grand Forks, the Kegs, maintains its distinctive 1950 style
theme architecture (two enormous root beer barrel kegs joineg
by a boxy small kitchen structure with drive-in curb service)
The nostalgia for such a drive-in is reflected ip the:
construction of the Riverside Drive-in during the early 199(y
along one of the classic 1950s designs for such a festaurang,
For the fast food restaurant affaciando, it is disappointing (o
discover that both the Kegs and the Riverside Drive-In gpe
only seasonal in operation, too. Thus, the cultural landscape
of Grand Forks with respect to fast food restaurants may be
described as being bland.

Conclusion

This preliminary study has emphasized a qualititative
approach-to the study of fast food restaurants as an element
of the cultural landscape of Grand Forks, North Dakota,
Furthermore, it has triggered more questions than answers
for the researcher, so there definitely is a need for a more
indepth study of this phenomenon. First, there is a need for a
detailed historical geography of the eateries of Grand Forks
in general and of fast food restaurants in particular. Based
upon anecdotal evidence, it appears that the shift of eateries
from the central business district to major thoroughfares and
malls is a process that has been going on in Grand Forks
from the late 1940s and that local drive-ins have declined in
favor of fast food restaurants affiliated with regional, national,
and international chains from the mid-1960s. Second, there
is a need for a quantitative study of the location of the current
distribution of the fast food restaurants. Nearest neighbor
analysis or a similar quantitative technique might be useful
to begin to explain theoreticglly why those structures are
placed where they are with other studies to include interviews
with owners and managers as well as city planners to explain
the actual locational decision-making process. Third, there
is a need for a combined qualitative and quantitative study to
assess people’s perceptions of the role that fast food restaurants
play as an element of the cultural landscape. A short
questionnaire should be administered to an appropriate sample
of residents and non-residents drawn from all parts of the
community of Greater Grand Forks as a key part of this
proposed future research. Finally, there is a need to transfer
this research into a usable form to be taken by undergraduates
in the introductory human geography course as a starting point
for their own geographical inquiries in studying popular
culture. Studying the topic of fast food restaurants as an
element of the cultural landscape should be a springboard for
examining other phenomenon, e.g., the distribution of movie
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(healers: sports facililties, and other rctail-oricnted facilitics.
Such research, which is of importance to marketing and land

Janning, would help undergraduates to recognize that
even a phenomenon in popular culture as ubiquitous as a fast
food restaurant has significant and complex gcographical
implicaliOHS when it comes to the changes that have, are,
and will be taking place in the cultural landscape not only of
he United States but elsewhere in the globalization of popular

culture.
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AN APPLICATION OF GIS TO SPATIAL DETERMINANTS OF CRIME RATES IN FARGO

Mohammad Hemmasi* and Thomas Kessler
Department of Geography, University of North Dakota, Grand Forks, ND 58202

Introduction

Personal safety is a primary concern when sclecting a
neighborhood of residence. Today, one of the strongest and
most publicized issues influencing urban land and housing
values is personal safety (1).  Declining property values and
high turnover in ownership often charactcrize ncighborhoods
with high crime rates and residents living in fear. Past
research has found the central business districts (CBD) and
outlying commercial areas are focal points for illegal activity
in many urban arcas, although social stressors such as racial
issues, socioeconomic status, and overcrowding are the
predictors of illegal behaviors (2,3,4). In the past three
decades many studies have examined thc role of various
attributes on relative land and housing values in urban
settings (5,6). The current research uses a geographic
information system (GIS) to analyze existing and potential
neighborhoods at risk for decline in Fargo, North Dakota (7).

Currently Cass County, the home of Fargo, has a
population of approximately 110,000 residents.  The
sprawling metropolitan area of Fargo-Moorhead is world
renowned in agricultural research and agribusiness, besides
being a regional transportation hub and provider of
educational, financial, retail, and medical services to the
surrounding communities. Fargo dominates the state of
North Dakota not only in population size, but in most
development indicators. In some industrial classifications
(SIC), such as finance, insurance, real estate, and
construction, Cass County has more than one-third of the
state’s workers.

The physical makeup of Fargo diffcrs as much within
the city as it differs from its surroundings rural communities.
The residents perceive the city as two distinct regions: North
Fargo and South Fargo. North Fargo contains much of the
older residential areas, downtown businesses, and the North
Dakota State University (NDSU). South Fargo consists of
newer houses, many apartment buildings, and most of retail
businesses and restaurants. Most of the owner-occupied
housing lies along the river and on the northern and southern
gnds of the city. The downtown area, along the I- 29 and 1-94
1S dominated by apartments with intermittent houses,
duplexes and condominiums. West Fargo consists mostly of
owner-occupied housing.  Affluent families purchase
housing on the outlying areas and along the river.

Although Fargo is less culturally diverse than many
American cities, several minority groups reside in the city. In
1990, minorities made up only about 3.3 % of Fargo’s
Tesidents. Hispanics and Native Americans comprise the
largest percentage of Fargo’s non-Caucasian population.

The largest percentage of minorities live in North Fargo,
mainly downtown and in the central city. A much smaller
percentage of the minority population lives in central South
Fargo or West Fargo, a relatively new residential city. Most
of the minorities arc of lower financial status and must live in
the oldcr, less maintained part of the city. By contrast, the
ncwer apartment  complexes and  single-family  homes
constructed in West Fargo and South Fargo have almost no
minority residents.

Consistently in the top 50 metropolitan arcas for low
violent and property crime according to  Pluces Rared
Almanac (8), Fargo’s crime rate has yet to bccome
unmanageable. Although no American city is without its
share of criminal activity, Fargo’s uncommonly low crime
rate helped it earn the distinction as Money Magazine's 14th
most desirable place to live for 1996 (9). It is important to
note that although occurrences of illegal activity were used as
an indicator of neighborhood insecurity in this study, one
should realize the small number of crime incidences in the
study area. Fargo’s average crime rate of about 40 per ten-
thousand population in 1995-96 (Figure 1-a) is far lower
than the national average of more than 500 per ten-thousand
population during the recent years.

Data

We analyzed and compared data from twelve months of
Cass County and Fargo court proceedings with ten
socioeconomic variables at the census blockgroup level
(Table 1). The_Fargo Forum newspaper, which publishes
crime data at approximately two week intervals, was uscd as
the primary data source in this study. The data for one year
was obtained from daily newspapers datcd July 1995 through
June 1996. Addresses of 422 non-traffic and non-alcohol
related offenders were secured through content analysis of
Fargo Municipal Court proceedings and Cass County District
Court proceedings. The offenses were categorized as either
(1) drug offenses, which includes either possession of a
controlled substance or drug paraphernalia; (2) theft offenses,
which include theft and shoplifting; (3) assault offenses,
which includes assault, simple assault, stalking and related
offenses; (4) mischief offenses, such as criminal mischief,
disorderly conduct and related misdemeanors; (5) serious
offenses, which includes felony assault, harassment,
burglary, and violent crimes. Traffic-related crimes and
alcohol offenses were not included due to the sheer number of
infractions. Each offender then was assigned to his or her
sixty-six corresponding U.S. Census Bureau blockgroups, or
ncighborhood geographic units.  The socioeconomic
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TABLE 1. MEAN, STANDARD DEVIATION (SD) AND COEFFICIENT OF VARIATION (CV) FOR

ANALYZED VARIABLES THE
T
Variable Description Mecan SD Cv
Drug Drug crime rate (offcnse / 10,000 population) 11.7 18.3 155.9
Theft Theft crime rate (offense / 10,000 population) 19.1 22,5 117.1
Assault Assault crime rate (offense / 10,000 population.) 9.8 20.6 211.1
Mischief Mischief crime rate (offenses per 10,000 pop.) 14.3 29.0 202.2
Serious Serious crime rate (offenses per 10,000 pop.) 0.9 33 379.3
Tcrime Total crime rate (offenses per 10,000 pop.) 55.8 74.0 132.7
Minority Minorities as a percentage of total residents 33 2.5 75.6
Income Median Income 27,897 12,481 44.7
Housval Median Value of the owner-occupied houses 65,586 27,140 414
Renter Renters as % of total residents 47.0 28.3 60.1
Rent Gross monthly rent 346.9 144.9 41.8
Poverty Workers at or below the poverty level 16.7 16.1 65.7
Unempl Unemployed persons as % of total workers 29 1.9 96.4

variables for the same blockgroups were extracted from the
CD-ROM of 1990 Census of Population and Housing.

Table 1 contains the mean, standard dcviation (SD),
and coefficient of variation (CV) for crime and
socioeconomic variables analyzed in this preliminary study.
The coefficient of variation is useful for measuring and
comparing the spatial relative variability in the data. Among
the five broad categories of crimes, theft offenses occurred
most frequently and were geographically widespread as
shown by the coefficient of variation of 117.1. On the other
hand, eight serious crimes were recorded during 1995-96 and
only one blockgroup had two of these incidences (CV=379.3;
Figure 1-b). In comparison, the other socioeconomic
variables were more evenly distributed than crime rates. The
unemployment rates (CV= 96.4) are the most unevenly
distributed and the gross monthly rent variable (CV=4(.8) is
the least. Noting that Fargo’s 2.9% unemployment rate is
much lower than the national average of more than 5% is also
important.

Next, it was necessary to produce ArcView layers or
“shape” files, which could then be used to analyze spatial
patterns and query, or examine the database (7).
Environmental System Research Institutc’s (ESRI) Data
Automation Kit claimed to be able to convert U.S. Census
Bureau TIGER/Line files to usable ArcView coverages, but
appeared to have many defects inherent to the software.
Instead, it was possible to use Bondata’s Dr. Dolittle Software

to convert TIGER/Line files to Atlas.BNA format, then use
the Data Automation Kit to convert the BNA file to useable
ArcView coverages.

Analysis

Residents of Fargo-West Fargo committed 422 non-
traffic and non-alcohol related offenses during the period July
1995 - June 1996. Approximately one-third of all offenses in
Fargo were theft related (38%). Nearly an equal percentage of
drug (21%) and mischief (23%) related offenses were
committed. Assault and serious crime rates were the least
recorded offenses during this period. When Fargo’s total
crime rate was mapped, the assumption of higher crime near
primary and secondary nodes is validated. Figures 1-aand 1-f
show a generalized surface representation of crime rates
across Fargo-West Fargo. By far the highest offense rates are
found in downtown Fargo, followed by West Fargo business
district/ West Acres shopping area.. Secondary areas of high
crime include: 13th Avenue South commercial strip, and
South University commercial nodes.

Simple correlation analysis was performed on selected
relevant variables (Table 2). Not surprisingly, the
socioeconomic variables of median income and housing value
both had significant negative correlations with each crime
category and total crime rate. The most interesting result
came with percentage of renters. Renters as a percentage of
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otal residents correlated most highly of any vari.abl‘c 'wilh
jotal crime rates, and quite strongly with eacl) individual
offense category, although‘ gross mpnthly rent failed to rqqch
significance wu_th any crime variable. Percent minorities
failed to reach significance with every category except theft,
which correlated positively. Poverty rates, another indicator
of socioeconomic status, also corrclatcd positively and
signif]cantly. Population per square mile, along with
rcentage of males and females, failed to correlate
signiﬁcamly with any crime category, nor did unemployment
es.
o Although the above significant correlation coefficients
revealed the presence of an overall covariation between crime
rates and its predictor variables, it did not produce
information on the spatial patterns and processes of crime
within the city. Applying ArcView GIS to the databases can
best achieve this objective. After loading the shape files for
Fargo and “joining” the database of variables, it was a simple
task of using ArcView’s query tool to enter the variables and
mathematical operators necessary to generate the desired
spatial output. The first query requested was a map of
neighborhoods with the highest total crime rates. The query
was entered as [Tcrime > 90.0], which yielded the ten
blockgroups with highest crime rates (Figure 1-c). Next a
query was performed for each of the four most highly
correlated variables: median income, median housing value,
percent renters, and percent below the poverty level. For
comparison, the ten blockgroups with the highest crime rates
are shown in a darker outline.

Next, the blockgroups in the lowest 25th percentile for
median income were selected. The generated map shows the
result of the query for [Income < 20,000], or neighborhoods
with a median income of less than a $20,000/year. Seven of
the ten neighborhoods of highest crime are also shown to have
a median income of less than $20,000. Another map ( not
included in this paper because of space limitation) shows the
result of the query for blockgroups in the lowest 25th
percentile for housing value, or [Housval < 50,000]. Six of
the ten top crime neighborhoods also have a median housing
value of less than $50,000. The fourth query, [Renter > 65.5],
illustrated the neighborhoods with greater than 65.5%
renters, or the top 25th percentile for total renters. Seven of
the top ten crime neighborhoods fell into this category. The
final query, [Poverty > .22], requests blockgroups with
greater than 22% of the workers at or below the poverty level,
or in the top 25th percentile for poverty status. This query
Yielded five of the ten top crime neighborhoods.

ArcView’s capability of multiple queries was used to
Produce maps with other combinations of the four predictor
variables included. For example, one map revealed the result
of a query for the two variables which corrclated most highly
with total crime, median income, and percent renters. The
Query ([Income <20,000] and [Renter>65.5)), or blockgroups
having a median income of less than a $20,000/year in

addition to percentage of renters greater than 65.5, yiclded six
of the top ten top crime neighborhoods. A final query was
performed requesting blockgroups which meet the critcria of
all previous queries (Figure 1-d). Two of the seven
blockgroups that meet the criteria for ([Income] and
[Renter>65.5] and [Housval<50000] and [Poverty>22]), are
also top crime neighborhoods.

Simplc Correlation Coefficients were calculated for the
five socioeconomic variables in Table 2. All variables except
the percentage of renters and unemployment were highly
intercorrclated. The assumption that these variables are
“independent” of one another would have been violated if a
multiple regression technique was used. Thus, a simple
mcthod for developing a compositc index of quality of lifc was
applicd to these variables. Each blockgroup’s values on
Income, Housval, Renter, Poverty, and Unempl variables
were scaled, so that the best score in each variable was made
equal to 100, and the worst to zero. These calculations were
accomplished with the formula:

S=(R-Rw/Rb-Rw) x 100

where R is the raw score of each blockgroup’s socioeconomic
variable, Rw is the worst value, and Rb is the best value in all
blockgroups for a given category. The scores for each ot the
blockgroups’ socioeconomic variables were averaged to
arrive at a composite score, or Quality of Life Index (QLI). A
QLI of 100 would suggest the highest score on all variables,
with a score of zero indicating lowest overall score. Figure
1-e shows a generalized spatial representation of the quality
of life composite scores. Next linear regression equations
were calculated for the six offense categories as a function of
the quality of life composite index. The relationship between
total crime rates and the composite index of quality of life is
shown in the following equation.

Y =122.55- 1.38 X; R square =0.298; N=66

All the parameters are statistically significant at >0.01 lcvel.
Finally, the residuals from the above regression equation
were analyzed to identify outlier blockgroups and to fine tune
the model.

Discussion

With the high correlations between crime and the
variables of income, housing, and poverty status, crime is
apparently related to general economic well-being within the
city of Fargo (2, 4). All the neighborhoods identified as
highest in total crime rates are in areas of cheaper housing,
often multistory apartment complexes. This type of housing
is attractive to the lower income individuals and families who
neither can afford more expensive housing, nor afford to drive
great distances to their place of employment.
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TABLE 2. SIMPLE CORRELATION COEFFICIENTS BETWEEN CRIME AND SOCIOECONOMIC

VARIABLES AT THE BLOCKGROUP LEVEL

Variable Income Unempl Poverty Housval Renter Minority Crime T
Income 1.000 -.295* -.588**% T4+ - 827¥¥¥  _S5]1kkk 4] 6%**

Unempl 1.000 351+ -315%* .084 .253* 117

Poverty 1.000 -A450F*x 484k ¥* S553%x* 364+

Housval 1.000 -446¢F* L 361** - 313%*

Renter 1.000 448+ ** 509%**

Minority 1.000 232

Crime 1.000

*Significant at .05 level; **Significant at .01 level; ***Significant at .001 level.

It is interesting that neither of the two West Fargo
blockgroups identified in the top ten for total crime rates
matchedany of the four socioeconomic queries. A possible
explanation for this finding may be due to the growth of
outlying areas during the period 1990-1996. Since the most
current population totals available came from the 1990
Census, and crime data is from 1995-96, areas of high
population growth are likely to be underrepresented. Thus
one must be careful when interpreting the blockgroups of
southern West Fargo, and the far North and South of Fargo,
which have seen extensive housing booms in the last few
years. Also interesting is the under representation of crime in
the blockgroups surrounding the North Dakota State
University campus, in the upper central region of Fargo.
Since most college students reside in these neighborhoods,
the percentage of renters is high, median income is relatively
low, and poverty status is high, which would be expected to
relate to higher crime totals. Instead, total crime is low.

This study failed to shed light on the minority-crime
debate (10). Although theft rates correlated highly with areas
of high racial diversity, the small population of minorities in
Fargo and West Fargo lend little credibility to the assumption
that areas of greater racial diversity are more crime stricken.
Two other variables that failed to reach significance were
population per square mile (index of crowding) and
unemployment rates. Although previous studies on crime in
large metropolitan areas have shown these two variables to be
related to crime, a smaller urban area such as Fargo has least
problems with crowding or unemployment.

The practical application of GIS in tracking crime and
socioeconomic status within a metropolitan area is extensive
(11, 12, 13, 14). Neighborhood development is an area where
GIS can certainly play a significant role.  Federal
organizations such as the Department of Housing and Urban

Devclopment (HUD) provide millions of dollars through its
Community Development Block Grant (CDBG) program to
the cities each year. The CDBG helps municipalities and
other government units develop viable urban communities by
funding projects that provide decent housing; produce a
suitable living environment; and expand economic
opportunities, principally for low - and moderate - income
persons residing in a CDBG target area (15). GIS can help
identify neighborhoods in need of intervention. Figure 1-f
clearly shows that the need for neighborhood development in
North-central and Downtown Fargo is ever present.

Although Fargo’s crime rate is far from epidemic
proportions, reports of increased violent crime and gang
activity have led to increased public interest in personal
safety. By continuously updating a database, policc
departments can utilize a GIS to track the spread and growth
of crime in the city. Crime preventive organizations can rely
on the system’s capabilities to assign crime watchers and (o
maximize “human development” resources.

Conclusion

For three decades GIS has been utilized successfully to
tackle a wide range of problems, but only recently has this
technology been applied to the geography of illegal behavior
(11, 13, 14). The current research has examined the role of
socioeconomic factors in predicting criminal behavior, and
how GIS can be used to illustrate and analyze these patterns.
Variables such as median income, percentage renters,
poverty status, and housing value are the best predictors of
crime in Fargo. Although the socioeconomic variablcs
analyzed in this study helped predict crime in some respects:
even when eliminating the extreme outlier, the variables ?"
this study only explained about 30% of the total crime 1
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argo. The utility of GIS for spatial pattern analysis,
including crime pattems, is limited by the reliability and
validity of the utilized database. Implications for future

carch include expanding the variable pool to include
spatial variables (location, accessibility), amenities (recre-
ation, community centers), temporal variables (seasonal
variability), and especially matched data.

ArcView is an effective tool for illustrating spatial
crime patterns and the  socioeconomic variables which
determine these patterns. With a limited database, this
research used ArcView to display areas at risk of decline,
which would require city government to target them for
neighborhood development, area funding, and neighborhood
crime watch programs. In the long-run, elimination of
general poverty through “human development” strategies,
provision of decent housing, and urban renewal programs
will help to further reduce crime rates in the city.
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FORECASTS OF FUTURE STUDENT POPULATIONS IN NEW RESIDENTIAL
DEVELOPMENTS IN THE GRAND FORKS PUBLIC SCHOOL DISTRICT

Dr. Floyd Hickok*
Grand Forks City Planning Department, Grand Forks ND 58201

GIS dcvclopment requires a great deal of time and
expense. Critics often question its value. Some of (his criticism
is justificd because too little effort is placed on finding practical
applications for utilizing GIS and its many attribute files.
The following is an example of one such application.

Planning for future schools requires the best possible
estimates of future school age population in developing areas.
The basic methodology uscd here involves merging data from
the School District Enrollment file with information from
the City’s property file.

A file containing one record per student was obtained
from the district office with the following data: student ID
number, school, grade level, and home address. Table 1 is a
cross-tabulation of that information. The district has nearly
10,000 students including those at the Grand Forks Air Force
Base.

The Planning Department geo-coded each student
record by adding a property numbers. This was done by
matching home addresses with property addresses. This was
by far the most tedious and time consuming part of the process.
Home addresses were entered in such a variety of ways that
most had to be matched manually. Once property numbers
had been added to each student record, any information in
the property file could automatically be added to that record.
The two items of data critical to this study are land use and
year of construction. The land use code in the property file
distinguishes various types of residential uses as well as non-
residential uses.

It seems reasonable to assume that the demographic
characteristics of housing which will be built in the near future
will be similar to that which was built in the recent past. The
average number of students living in single family houses
varies greatly depending on the year the house was built. See
Table 2. Most houses built before 1970 average about 0.5
Students per house. Those built in the 1970’s average about
0.75. Houses built since 1980 average slightly more than
one student per house. These numbers indicate the importance
In considering the age of housing. In this study it is assumed
that housing built in the near future will have the same
characteristics as those built since 1980. Table 3 gives a break-
down of the number of students by housing type and grade
level for housing built since 1980. It also gives the number
of students per acre of these types of developments.

There is greater interest in K-6 since there will be one
Ormore new clementary schools built in the foreseeable future.

Singlc family housing has by far the highest number of K-6
students per unit, over twice that for multiple family or mobilc
homes. Single family attached arc largely (ownhouses
occupied by older people. Students per acre is quitc different
from students per housing unit because of the great diffcrence
in housing densities. The overall number of students per
acre of singlc family housing (3.08) is very littlc morc than
for mobilc hoincs (2.92). Multiplc family is not that far behind
at 2.52. Mobile homes have morc K-6 students per acre than
single family.

In order to make use of this information for making
forecasts for future development, it is necessary to estimalc
what portion of development will be devoted to cach housing
type. Table 4 shows the percentage of land area by residential
type with new construction in 1980 to 1996. Over half was
taken by single family (57.2). Assuming that future house
development occurs at this ratio, then all of the elements
necessary are available for making forecasts of number of
students in developing areas.

All neighborhoods want to have an elementary school.
One neighborhood in Grand Forks which docs not have a
school is the area west of Interstate 29, known as Richards
West. This area has 195 acres designated in the 2015 Land
Use Plan for future residential development. Table 5 applies
the results of this study to that area. If that arca were (o
develop as forecast, there would be 276 elementary students
in the area. There are currently 248 K-6 students living in
the area. Of these 103 attend Lake Agassi and 116 go to
West Elementary. With those already there and the future
forecast the area would have over 500 elementary students.
Whether this is enough to justify a new school is a decision
for the school board.

Table 6 and the accompanying map show areas of futurc
residential development and forecast student populations.
This methodology works well for forecasting student
populations in totally developed areas. It must be greatly
modified for forecasting for areas in various stages of
development. In these areas the number of single family
vacant lots is often already known and plans have been
approved for new apartments to be constructed in the near
future. In these areas, one must go through the database
property by property to assess the potential for new housing
construction.

The practical uses for GIS and related databases is only
limited by the imagination and ingenuity of its users.
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Table 2
PUBLIC SCHOOL STUDENTS
LIVING IN SINGLE FAMILY HOUSES BY YEAR OF CONSTRUCTION

Year Built  Housing Units Students Students/Unit
Before 1930 2,158 1,155 0.535
1930 (0 1939 428 220 0.514
1940 1o 1949 736 277 0.376
1950 to 1959 1,647 825 0.501
1960 to 1969 1,326 720 0.543
1970 to 1979 1,235 944 0.746
1980 to 1989 571 601 1.053
1990 to 1996 432 469 1.086

Table 3

PUBLIC SCHOOL STUDENTS
PER HOUSING UNIT AND ACRE
BY HOUSING TYPE

Single Single Family = Multiple Mobile
Family* Attached* Family* Home
Housing Units 1,016 600 2,464 897
Students 1,080 70 323 437
K-6 559 26 200 262
7-8 188 14 45 64
9-12 331 30 73 106
Students per Unit  1.063 0.117 0.131 0.487
K-6 0.550 0.043 0.081 0.292
7-8 0.185 0.023 0.018 0.071
9-12 0.326 0.050 0.030 0.118
Units per Acre 29 9.0 19.2 6.0
Students per Acre 3.08 1.05 2.52 2.92
K-6 1.60 0.39 1.56 1.75
7-8 0.54 0.21 0.35 0.43
9-12 0.95 0.45 0.58 0.71

* Housing Units Built 1980 to 1996

Table 4
PERCENTAGE OF LAND AREA BY RESIDENTIAL TYPE
WITH NEW CONSTRUCTION, 1980-1996

Single Family 57.2
Single Family Attached 14.5
Multiple Family 21.6
Mobil Home 6.7
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Percent Acres
Acres

Units per Acre
Expected Units

Expected Students
K-6

7-8

9-12

SymposIiuM

Table 5
FORECAST PUBLIC SCHOOL STUDENTS

IN PROPOSED UNDEVELOPED RESIDENTIAL AREAS

Single
Family

57.2
111
29
322

342
177
60

105

Mobile
Home

6.7
13
6.0
78

38
23
6
9

FORECASTS OF FUTURE STUDENT POPULATIONS BY AREA

Area 1
Area 2
Area 3
Area 4
Area 5
Area 6

Refer to the map on the next page for the location of the numbered areas. In this table
the total number of students is estimated to be 2.64 per acre and 1.41 K-6 students per

acre. These rates do not seem to be valid for Area 6.
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K-6

276
570
529
629
265

OF RICHARDS WEST AREA
Single Multiple
Family Family
Attached
14.5 21.6
28 42
9.0 19.2
254 804
30 105
11 65
6 15
13 25
Table 6

Acres All Students

195 515

404 1,067

375 990

446 1,177

188 496

395

{

Total

195
1,458

515
276
87

152
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SYMPOSIUM: APPLICATIONS OF STATISTICAL MODELING METHODS

NORTH DAKOTA — SMARTEST KIDS IN THE NATION? A LOOK AT THE SAT SCORES AS A MEANS OF
RANKING STATES IN THE UNITED STATES
Jodi R. Rylancc'* and M. B. Rao?

'PRACS Institute, Ltd., Fargo, North Dakota and *Department of Statistics, North Dakota State University, Fargo, Nor,
Dakota.

INTERVAL-CENSORED TYPE II PLAN: AVERAGE TIME TAKEN TO EXECUTE THE PLAN
Surekha Mudivarthy* and M. Bhaskara Rao,
Department of Statistics, North Dakota State University, P.O. Box 5575, Fargo, ND 58105

A STATISTICAL DATA ANALYSIS FOR IDENTIFYING IMPORTANT FACTORS FOR MAXIMUM
PRODUCTION OF DURUM WHEAT HAPLOIDS

Surekha Mudivarthy and M. Bhaskara Rao*

Department of Statistics, North Dakota State University, Fargo, ND 58105

CARNIVORE SCENT-STATION SURVEYS: STATISTICAL CONSIDERATIONS

Glen A. Sargeant* and Douglas H. Johnson

Department of Wildlife Ecology, University of Wisconsin, 226 Russell Labs, 1630 Linden Drive, Madison, WI 53706
(GAS) and United States Geological Survey, Biological Resources Division, Northern Prairie Science Center, 8711 37th St
SE, Jamestown, ND (DHJ) ’
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NORTH DAKOTA — SMARTEST KIDS IN THE NATION?
A LOOK AT THE SAT SCORES AS A MEANS OF RANKING STATES IN THE UNITED STATES

Jodi R. Rylance!* and M. B. Rao?
'PRACS Institute, Ltd., Fargo, North Dakota and
Department of Statistics, North Dakota State University, Fargo, North Dakota.

INTRODUCTION
North Dakota is #2 in the Nation in SAT Math Scores. This headline appeared in an article published by the Fargo

Forum in 1994. A ycar later, North Dakota had moved into the number one spot. Are the graduating seniors in North Dakota
the smartest in the nation? Looking only at the average SAT math scores, you might think so. A professor at Penn Statc
University says, “NO”. He claims that in general, the higher the percentage of students taking the SAT in a state, the lower the
average SAT scorc for the state. The goal of this project is to estimate the true average scorc on the math portion of the SAT
for each state, if all high school seniors had taken the test, and then rank the states based on the estimates.

The Scholastic Assessment Test or SAT is a standardized multiple choice exam used by many colleges and universitics
as part of the admissions process. There are two sections to the exam, math and verbal. Each section is scored separately. The
scores range from 200 to 800 for each section. There is also a third section to the exam which is an experimental section and
does not count towards the final score. This section is used by the Educational Testing Service or ETS to determine whether
or not the exam is harder or easier than past exams. The SAT can be taken more than once for those students who would like
to improve on their scores. It is worth noting that some colleges use a similar exam as part of their admissions process, the
American College Testing program or ACT.

METHODS

The basic assumption we make is that only the academically best students take the SAT. Initially, we assumed that the

SAT scores of all high school seniors in a state have a normal distribution with unknown mean p and standard deviation G, but

we have only the top (p x 100) percent of scores, where p is the participation rate, i.e., the proportion of high school seniors

who have taken the test. As a matter of fact, we do not have actual SAT scores of those who took the test. We have only the

average SAT score, the standard deviation, and participation rate for each state (The College Board, [1]). If the scores of those

who took the test are available, the validity of the distributional assumption can be tested. However, the assumption on the

model enables us to estimate | for each state. We used the method of moments to do the estimating.

To do the analysis using an exponential distribution, where the probability density function (pdf) is given by

1 -

Ix)=—e

x-200

s, x 2200,

we assumed that the SAT scores in a state, if all high school seniors had taken the test, have the exponential distribution given
above.

Finally, a regression line was fitted to the original SAT data by taking the response variable to be the state’s average SAT
score and independent variable to be the state’s participation rate. This analysis is based on the methods used by Powell and
Steelman (3), where the average SAT scores are regressed on the participation rates for each state. This method estimates the
average score for each state and calculates the residual by subtracting the estimated average SAT score from the reported

average SAT score. The state with the largest non-negative residual, as per the regression model, would be ranked number
one.

RESULTS
Table 1 shows the ranking of the states using the original data. Based on this table, North Dakota is ranked numbcr

one, and the midwest states dominate the top ten. A distinct trend is present in the original data — the lower the participation
Tate, the higher the average score. This trend is pictured in Figure 1.
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Table 1. 1995 Average SAT Math Scores

Ranked by State
Rank State Average stdev_ p Rank State Average stdev  p
1 North Dakota 592 112 0.05 |27 Washington 494 117 0.48
2 Towa 583 114 0.05 |28 New Hampshire 491 124 0.70
3 Minnesota 579 113 0.09 |29 Alaska 489 120 0.47
4 Wisconsin 572 116 0.09 |30 California 485 130 0.45
5 South Dakota 563 114 0.05 |31 West Virginia 484 117 0.17
6 Utah 563 128 0.04 |32 Nevada 483 120 0.30
7 Iinois 560 123 0.13 | 33 Hawaii 482 130 0.67
8 Kansas 557 118 0.09 |34 National 482 127 0.41
9 Ncbraska 556 119 0.09 |35 Maryland 479 130 0.64
10  Missouri 550 124 0.09 | 36 New Jersey 478 128 0.70
11 Michigan 549 126 0.11 |37 Connecticut 477 129 0.81
12 Tennessec 543 119 0.12 | 38 Massachusetts 477 131 0.80
13 Mississippi 540 122 0.04 |39 Texas 474 121 0.47
14  Alabama 538 123 0.08 |40 New York 473 127 0.74
15 Montana 536 116 0.21 |41 Vermont 472 116 0.68
16 Oklahoma 536 121 0.09 | 42 Florida 469 122 0.48
17 Louisiana 535 121 0.09 |43 Maine 469 116 0.68
18 NewMexico 530 124 0.11 (44 Delaware 468 125 0.68
19  Wyoming 525 115 0.10 |45 Virginia 468 124 0.65
20  Arkansas 523 121 0.06 | 46 Indiana 467 120~ 0.57
21  Kentucky 522 121 0.11 | 47 Rhode Island 463 123 0.70
22 Colorado 518 118 0.29 |48 Pennsylvania 461 120 0.70
23 Ohio 515 122 0.23 | 49 North Carolina 454 117 0.60
24  Idaho 511 118 0.15 | 50 Georgia 448 118 0.65
25  Oregon 499 117 0.51 | 51 Washington DC 445 150 0.53
26  Arizona 496 118 0.27 | 52 South Carolina 443 113 0.58
Figure 1.
1995 SAT Averages - Math
\
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Under the assumption of normality, any state ranked 30 or below ended up with the estimated average score below 200

ple 2). This is not possible, since the minimum score possible on the math portion of the SAT is 200. However, it is
interesting to note that the results for the states with high participation rates seem quite reaspnable. Connecticut is ranked
first, followed by Massachusetts, New Hampshire, New York and New Jersey. All of the states in the top ten have participation
rates of 67 % or higher, and all of the states in the top twenty-five have participation rates above 40%. When ranking the states
under the assumption of normality, you sec that in gencral, the lower the participation rate, the lower the average score. Duc
(o the problem of having so many values below the minimum score, it is obvious that this distribution is not suitable for our

data.

Table 2. 1995 Average SAT Scorcs
Ranked by State — Normal Distribution

Rank State Average p Rank State Average p

1 Connccticut 421.02  0.81 27 Montana 209.13 0.21
2 Massachusetts  416.87 0.80 28 Nevada 206.76 0.30
3 Ncw Hampshire 403.10  0.70 29 Arizona 202.63 0.27
4 New York 396.07 0.74 30 Ohio 183.83 0.23
5 New Jersey 387.27 0.70 31 Illinois 119.53 0.13
6 Vermont 383.78  0.68 32 Idaho 114.38 0.15
7 Maine 380.78  0.68 33 Tennessee 111.84 0.12
8 Hawaii 379.51 0.67 34 West Virginia 78.91 0.17
9 Pennsylvania 37594  0.70 35 North Dakota 68.53 0.05
10  Rhode Island 375.81 0.70 36 Minnesota 65.58 0.09
11  Delaware 37293  0.68 37 Michigan 65.00 0.11
12 Maryland 365.57 0.64 38 Kentucky 57.20 0.11
13 Virginia 363.39 0.65 39 New Mexico 53.68 0.11
14  Georgia 348.45 0.65 40 Iowa 50.18 0.05
15  Oregon 34762  0.51 41 Wisconsin 44.95 0.09
16  North Carolina 338.15  0.60 42 South Dakota 30.18 0.05
17 Indiana 33554  0.57 43 Alabama 25.70 0.08
18  Washington 330.41 0.48 4 Kansas 20.86 0.09
19 South Carolina 324.10  0.58 45 Wyoming 17.24 0.10
20 Alaska 317.82 047 46 Nebraska 15.32 0.09
21 Texas 301.39 0.47 47 Missouri -13.40 0.09
22 Florida 29842 048 48 Oklahoma -13.77 0.09
23 California 289.44 045 49 Louisiana -14.77 0.09
24 National 269.23 041 50 Arkansas -18.01 0.06
25  Washington, DC 261.70  0.53 51 Mississippi -212.54 0.04
26 Colorado 240.00 0.29 52 Utah -226.55 0.04

When looking at the exponential distribution, the results are easier to believe (Table 3). Once again, Connecticut is the
leader, with an average score of 428.79 and a participation rate of 0.81. As with the normal distribution, the states with high
Participation rates, Massachusetts, New Hampshire, New York and New Jersey, round out the top five. The interesting
changes lie in the states with the low participation rates. Using this distribution, North Dakota drops to number 46, with an
average score of 298.10. This is approximately 51 points lower than the national average and approximately 131 points lower
than Connecticut. You can see that under the assumption of an exponential distribution, the results are roughly opposite from
the original data.

~ The results from fitting a regression line to the data seem more realistic than either distributional method, since we
directly take into account the participation rate of each state, and using this participation rate, adjust the average SAT score.
As with the ori ginal data, North Dakota is ranked number one out of all the states. North Dakota is followed by Minnesota,
lowa, Wisconsin and Connecticut (Table 4). When using the residual method of ranking the states, participation rate docs not
Seem to have as much of a direct effect on the results. There is not a noticeable trend between the participation rates and the
Tesiduals. The top ten contains a mixture of states with high and low participation rates.
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Table 3. 1995 Average SAT Scores
Ranked by State — Exponential Distribution

Rank State Average p Rank  State Average p

| Connecticut 428.79 0.31 27 Montana 33122 0.21
2 Massachusetts ~ 426.47 0.80 | 28 Nevada 32840 0.30
3 New Hampshire 414.50 070 | 29 Arizona 328.17 0.27
4 New York 409.82  0.74 | 30 Ohio 32755 0.23
5 New Jersey 40491 070 | 31 Illinois 31841 0.13
6 Hawaii 401.36  0.67 | 32 Minnesota 311.21  0.09
7 Vermont 39630 0.68 | 33 Tennessee 30993 0.12
8 Maine 394,13  0.68 | 34 Wisconsin 309.16 0.09
9 Rhode Island 39386 0.70 | 35 Michigan 308.81 0.11
10  Delaware 393.41 0.68 | 36 Idaho 307.35 0.15
11  Maryland 39291  0.64 | 37 Kansas 304.75 0.09
12 Pennsylvania 392.38 0.70 | 38 Nebraska 30446 0.09
13 Virginia 387.31 065 | 39 New Mexico 302.89 0.11
14  Oregon 378.68  0.51 | 40 Missouri 302.70  0.09
15  Georgia 37333 0.65 | 41 West Virginia 30245 0.17
16 Indiana 37092  0.57 | 42 Kentucky 30040 0.11
17 Washington 369.55 048 | 43 Oklahoma 298.59  0.09
18 North Carolina 368.12 0.60 | 44 Wyoming 298.41 0.10
19  Alaska 36467 047 | 45 Louisiana 298.30 0.09
20  California 35846 045 | 46 North Dakota  298.10  0.05
21  South Carolina  357.31 0.58 | 47 Alabama 295.87 0.08
22 Texas 356.12 047 | 48 Towa 29585 0.05
23 Florida 355.14 048 | 49 South Dakota  290.85  0.05
24  Washington, DC 349.86  0.53 | 50 Utah 286.04 0.04
25  National 349.08 0.41 51 Arkansas 28470  0.06
26  Colorado 342,10 029 | 52 Mississippi 280.59 0.04
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Table 4 — 1995 Average SAT Scores
Ranked by State - Residual Mcthod

—
Rank __ State Ave p Predict r Rank State Ave p Predict r

1 North Dakota 592 0.05 547.68 44.317 27 Rhode Island 463 0.70 462.09 0911

2 Minncsota 579 0.09 54242 36.584 | 28 Virginia 468 0.65 468.67 -0.673
3 Towa 583 0.05 547.68 35.317 29 Pennsylvania 461 0.70  462.09 -1.089
4 Wisconsin 572 0.09 54242 29.584 | 30 Alaska 489 047 49238 -3.376
5 Connecticut 477 0.81 447.60 29.396 | 31 Alabama 538 0.08 543.73 -5.733
6 Ncw Hampshire 491 0.70 462.09 28.911 32 Oklahoma 536 0.09 54242 -6416
7 Massachusetts 477 0.80 44892 28.079 | 33 Louisiana 535 0.09 54242 -7.416
8 Illinois 560 0.13 537.15 22852 | 34 Ohio 515 0.23 52398  -8.980
9 New York 473 0.74 456.82 16.178 | 35 Mississippi 540 0.04 549.00  -9.000
10 Hawaii 482 0.67 466.04 15.961 36 New Mexico 530 0.11 539.78 -9.782
11 New Jersey 478 0.70 462.09 15911 37 California 485 045 495.01 -10.010
12 South Dakota 563 0.05 547.68 15.317 | 38 Indiana 467 0.57 479.21 -12.208
13 Kansas 557 0.09 54242 14584 | 39 Wyoming 525 0.10 541.10 -16.09Y
14 Utah 563 0.04 549.00 14.000 | 40 Kentucky 522 0.11 539.78 -17.782
15 Nebraska 556 0.09 54242 13.584 | 41 National 482 0.41 500.28 -18.277
16 Oregon 499 0.51 487.11 11.891 42 Texas 474 047 49238 -18.376
17 Montana 536 0.21 526.61 9.386 43 Georgia 448 0.65 468.67 -20.673
18 Michigan 549 0.11 539.78 9.218 4 North Carolina 454 0.60 47526 -21.257
19 Maryland 479 0.64 469.99 9.010 45 Florida 469 048 491.06 -22.059
20 Missouri 550 0.09 54242 7.584 46 Arizona 496 0.27 51871 -22.713
21 Vermont 472 0.68 464.72 7.277 47 Arkansas 523 0.06 546.37 -23.366
22 Tennessee 543 0.12 538.47 4.535 48 Idaho 511 0.15 53452 -23.515
23 Maine 469 0.68 464.72 4.277 49 Nevada 483 0.30 51476 -31.762
24 Delaware 468 0.68 464.72 3.277 50 South Carolina 443 0.58 477.89 -34.891
25 Washington 494 048 491.06 2.941 51 Washington DC 445 (.53 484.48 -39.475
26 Colorado 518 0.29 516.08 1.921 52 West Virginia 484 0.17 531.88 -47.881

CONCLUSIONS

It is obvious that the participation rate dramatically affects the average SAT scores for each state. This is substantiatcd
by the following statement made by The College Entrance Examination Board (2), “The most significant factor in interpreting
SAT scores is the proportion of eligible students taking the exam — the participation rate.” The College Entrance Examination
Board (2) also substantiates our claim that only the academically best students take the SAT by stating, “Typically, these
students have strong academic backgrounds and are applying to the nation’s most selective colleges and scholarship programs.”
Based on the three different types of analysis done on the original data, it seems as though the residual method yields the most
convincing results. It is clear that ranking states based solely on the average SAT scores is not a logical or fair system. There
are many other factors besides the participation rate that can affect the average SAT score for a state. One can take into account
factors such as teacher salaries, amount of money available per student, use of study aids, teacher/student ratio, average income
per state, gender, and race. The College Entrance Examination Board (2) says, “Your SAT score is a better prediction of your
Income, race or gender than it is of your ability to perform in college.”
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INTERVAL-CENSORED TYPE II PLAN: AVERAGE TIME TAKEN TO EXECUTE THE PLAN

Surekha Mudivarthy* and M. Bhaskara Rao,
Department of Statistics, North Dakota State University, P.O. Box 5575, Fargo, ND 58105

1. Introduction The Type II plan is used on many occasions in order to estimate the lifctime distribution of 3 product
under investigation. Begin the plan by choosing two positive integers r<n. Select a sample of n units of the product, se

them to work, and obscrve the units continuously until r units fail. The objective is to estimate the lifctime distribution of the
product using the data on r failure times.

We want to offer a modification of this plan in response to a past consultation problem. This problem arose from twg
diverse fields: one from engineering and the other from omithology. In order to save mongy in obscrving the units round (he
clock for the r units failure times, only periodic inspections are to be made. In such a plan, the exact failure times of the r unis
will be unknown, but we will know how many units failed between each of the consecutive inspection times.

Formally, the inspection plan can be described as follows. Choose and fix a number 7 > 0. Sclect a sample of n units

and set them to work. Inspect the units at times #(,2%,... until 7 units fail. Let M denote the number of inspections needed.
Let X; =Number of units that fail during the i* inspection interval ((i - l)to,ito], i=1,23,.. . The data
consistof M, X, X,, ..., X ;. These random variables satisfy the following conditions:
Xl + X2+...+XM_1 gr -1, and
Xl + X2+...+XM zr.
We call this plan Interval-Censored Type II plan. The basic questions we were asked to address were:
1. Evaluate the loss of information in some meaningful way if one adopts the Interval-Censored Type II plan over
the traditional Type II plan;
2. Provide some guidelines as to the choice of t,.
3. Provide some guidelines as to the choice of r.

4. Compute the average time taken to execute the Type II plan and Interval-Censored Type II plan for given values of
r and to.

In this paper, we will focus on the last question . This is an ongoing work and we want to report a part of what we have
achieved so far. Let T be the underlying lifetime variable associated with the product. We assume that T has an exponential
distribution with unknown parameter © > 0. The probability density function of T is given by

fo(x)=90 exp(-9x),x>0,9 >0.
Let T;,T,,...,T, be iid random variables with common probability density function the same as that of T. Let

Ty < Tp) <...< T() be the order statistics of Ty, 7(2)> ---» T(n). Under the Type II plan, the data consist of the first 7

order statistics 71y < T2y <...<T{,. The average time taken to execute the Type II plan is given by .

| 1
Ey(Tp) = X——
8N " g min—i+1 M
(See Epstein and Sobel (1953)). The average time taken to execute the Interval-Censored Type II plan is given by
toEe (M). V)]

We compute (1) and (2) for a number of values of § ,n, rand t;
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2. Distribution of M The distribution of M can be computed explicitly for given values of r, n, t;, and n. Note that,
pr(M =1 = Prg (X1>r) = Pry (at least r failures in the interval (0,7,])
n x n-x P 1 1
= l—e'e"‘) (e_e"’) =] ——""(1-2""dz=1, (rsn-r+1
AE"( )( ('[ B('..n —-r+ 1) < Il ( ) )

where and is the Incomplete Beta Function. (Abramowitz and Stegun (1965)

n

1

For "1?_ 2 )

Prg(M =m) =Prg(X; + Xo+..+X,,_1<r-land X; + Xy +.4+X,, 2 r)

r-1 n-s

= ZO ’ ?E‘l’e (s units fail in the interval (0, (m — 1)t ] and ¢ units fail in the interval ((m — 1)ty .mt1)
s= =r—3

r-1 n-s n!

=X

— (1 -0ty \* (,-8(m-D)tg _ —Omtg Y [, —6mity "5
=0r=r—s S!ti(n—s—1)! (1 € 0) (e ¢ ¢

rol n! s n—s nes (n—ys)! t n—-s—t
= —_— _ =0 (m=1)t, —0 (m-1)1, —_— _ 6 -0t

SZ:O si(n—s)! (1 ¢ ) (e ) ¢ ,}.st!(n—s—t)! (1 ¢ ) (" )
_ r-1 -L s nes
—s§0 sin—s)1 7! (1= Pper)”™ Ip (r=som=r+D),

where p; = (1 — 9 ), i=1,2,... .

Using computer, the distribution of M is evaluated for a range of values of r, t , nand@ . The average time taken to execute the

interval-censored type II plan is also computed for the same range of values. These are reported in the tables presented in the
next few pages under the title (CP) along with the average time (FP) taken to execute the type II plan.

3. Conclusions Itis to be expected that the average time taken to execute the interval-censored type II plan to be greater
than that under the type II plan. The question is whether or not the average times differ substantially. Look at the case: n
=30,r=10, @ =1 day, and t, = 1. With probability 0.99977, one inspection will do to realize 10 failures and with probability
0.00023, two inspections are needed to realize 10 failures. Consequently, E(M) = 1.00023 and thc average time taken (o
execute the interval-censored type II plan is given by t E(M) = 1.00023 days. On the other hand, if we adopt the type II plan
for data collection, on the average it takes 0.39725 days to observe the 10-th failure. In the interval-censored type II plan, we
are waiting for one full day to make the first inspection and one would expect to have 10 failures occur much earlier before the
dayis over. As one looks at the tables, one would realize that the average times are not substantially different, but, think of the
money one would save by the periodic inspections plan.
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AVERAGE TIME TAKEN TO EXECUTE INTERVAL-CENSORED TYPE II PLAN ( CP) AND TYPE II PLAN ( FP )

94

9 =0.land n=10

\to 5 10 15 20

r\ p P p FP cp P Cp I-P
3 5.9 4 10.1 34 15.0 34 20.0 4
4 7.2 4.8 10.4 4.8 15.1 4.8 20.0 4.8
5 8.9 6.5 11.2 6.5 152 1 6.5 | 200 ] 6.5
6 11.0 ] 8.5 1301 85 15.8 8.5 20.1 8.5
7 1351 11,0 157 | 11,0} 17.5 | 11.0 | 20.7 | 11.0
8 16.8 | 14.3 ] 19.3 | 143 | 21.1 14.3 ] 229 | 14.3

9 = 0.l and n=30

\to 5 10 15 20

r\ P I'P P P cp I'P cp P
10 5.98 4.0 10,0 | 4.0 150 | 4.0 | 200 | 4.0
15 9.45 6.8 105 | 6.8 150 | 6.8 200 | 6.8
20 13.1 | 10.7 | 15.8 | 10.7 | 15.8 | 10.7 | 20.0 | 10.7
25 19.6 | 17.1 | 22.0 | 17.1 | 254 | 17.1 | 24.3 | 17.1

O =0.1 and n=60

\to 5 10 15 20

r\ CP FP CP FP CP FP CP FP
20 5.7 4.0 100 | 4.0 150 | 4.0 | 20.0 | 4.0
30 9.8 6.9 10.1 6.9 150 )] 6.9 | 200 | 6.9
40 | 134|108 | 16.6 | 10.8 | 153 | 10.8 | 20.0 | 10.8
50 | 200} 175|218 17.5]222 175|236 175

9 =02 andn=20

\to 1 5 9

r\ CpP P CP FP Cp FP
6 2.2 1.7 5.0 1.7 9.0 1.7
8 3.0 | 2.5 5.1 2.5 9.0 | 25
10 38 33 5.4 33 9.0 | 3.3
12 4.9 4.4 6.5 4.4 9.0 4.4
14 6.2 5.7 8.3 5.7 9.3 5.7
16 8.1 76 | 102 | 7.6 | 11.0 ] 7.6

0 =02 andn=40

\to 1 5 9

r\ CP P CP FP CP FP
10 1.9 1.4 5.0 1.4 9.0 1.4
15 2.8 2.3 50 | 23 9.0 | 23

20 39 34 52 34 | 90 | 34

25 53 4.8 70 | 48 | 9.0 | 4.8

30 7.3 6.8 | 97 | 68 | 9.5 6.8

O =05 and n=10

\to 1 2 3 4

r\ CP FP CP FP Cp FP CP FP
3 1.2 | 0.7 20 | 0.7 30 | 0.7 4.0 | 0.7
4 1.4 1.0 | 2.1 1.0 | 3.0 1.0 | 40 1.0
5 1.8 1.3 2.2 1.3 3.0 1.3 4.0 1.3
6 2.2 1.7 ] 26 1.7 32 1.7 40 | 2.6
7 2.7 2.2 3.1 2.2 3.5 2.2 4.1 2.2
8 3.4 2.9 39 1] 29 | 42 | 29 | 4.6 2.9

0 =0.1 and n=20
\to 5 10 15 20
r\ CP P CpP P CpP 1P Cp P
6 5.7 35 10.0 35 150 | 3.5 | 200 15
8 | 73| 50 [101] 50150 50 |20/ 5y
10 9.3 6.7 10.8 6.7 15.0 1 6.7 | 20.0 6.7
12 11.3 8.8 13.0 | 8.8 15.3 8.8 | 200 8.8
14 14 LS | 166 | 115 ] 17.1 | 115 | 20.3 1.5
16 17.7 | 15.1 | 204 | 15.1 | 22.1 15.1 | 22.5 15.1
9 =0.1 and n=40
\o 5 10 15 N
r\ CP FP p FP P I'P cp P
10 [ 510 [ 28 [100| 28 | 150 28 [ 200 38
15 | 67 | 46 | 100 | 46 | 150 46 | 200 | 44
20 9.6 6.8 103 | 6.8 150 | 6.8 | 20.0| 6.8
25 12.0 | 9.6 139 | 9.6 15.1 9.6 | 200 | 96
30 16.0 | 13.5 | 19.3 | 13.5 | 19.0 | 13.5 ] 203 | 13.5
0 =02 and n=10
\to 1 5 9
r\ CP FP CP FP CP FP
3 2.2 1.7 5.0 1.7 9.0 | 1.7
4 2.9 2.4 5.2 24 9.0 24
5 3.7 3.2 5.6 3.2 9.0 3.2
6 4.7 4.2 6.5 4.2 9.2 4.2
7 6.0 5.5 7.9 5.5 9.6 5.5
8 7.6 7.2 9.7 7.2 11.0 | 7.2
0 =02 and n =30
\to 1 5 9
r\ CP FP CP P CP FP
10 25 2.0 5.0 2.0 9.0 2.0
15 39 34 5.2 34 9.0 3.4
20 5.8 53 79 53 9.1 53
25 9.1 8.6 11.0 | 86 | 124 8.6
Q =0.2 and n=60
\to 1 5\ 9
r\ CP FP CP FP CP FP
20 25 2.0 5.0 2.0 9.0 2.0
30 3.9 34 5.1 3.4 9.0 34
40 5.9 5.4 8.3 54 9.0 5.4
50 9.3 8.8 109 | 8.8 127 | 8.8
0 =05 and n=20
\to 1 2 3 4
r\ CP | FP CP FP | CP | FP | CP | FP
6 1.2 N 2.0 0.7 3.0 0.7 4.0 0.7
8 1.5 1.0 2.0 1.0 3.0 1.0 4.0 1.0
10 1.9 1.3 2.2 1.3 3.0 1.3 4.0 1.3
12 23 1.8 2.6 1.8 3.1 1.8 4.0 1.8
14 2.8 23 33 23 34 23 4.0 2.3
16 3.5 3.0 4.1 3.0 4.4 3.0 4.5 3.0
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o ] 2 3 4
. [P [ w [ce [ | cp CP | P
T2 ] 8 |24 | 8 |30 20| 8
s o [ el e e | 30| 14| 40 | 14
0 | 26 | 20| 85|21 [ 2221|4021
25 | 29 | e [ 172 ] 34 | sa | 3| 49 | a4
—

0 =05 and n=60

o 2 3 4

SR ST I S I I O I
20 | 12 | 08 | 20 | 08 | 30 | 08 | 40 | 038
30 | 18| 14|20 4| 30] 14| 0] 14
0 | 2722322231 ] 224022
s0 | 40| 35| 44 | 35|54 ] 35| 47]35
0 =1.0andn=20

o 0.5 1.0 1.5 2.0

N [ cP][FP [cP]FP |cP] FP | CP ]| FP
3 | 06| 04 ] 10| 04| 15] 04| 20] 04
4 lo7|os|10]o0s5]|15]05]20/|o05
s oo |o7 ] 11|07 1s5]07|20]|07
6 |11 ]o9 ]| 13]09]|15]09]|20]09
7 e 1217127122012
8 |18 1521|1522 1s5]23]1s
0 =1.0and n=40

o 0.5 1.0 1.5 2.0

N [P] W | CP] W | CP|F | CP| FP
1005|0310 03] 15]03][20]o03
150705 10]05]15]05]|20]|o05
201007 10]07]15]07]20]07
25 | 12101410 15)10]20] 10
30 | 161419 14 ] 19] 14]20] 14
0 =2.0and n=10

\G 0.25 0.5 0.75 1.0

t\ [CP v | cP | F | CP|FP | CP ]| FP
3 [030]017]050]017]075]017] 1.0 [0.17
4 | 040024 052024075024 1.0 024
5 | 045032 056032076032 1.0 032
6 |055]042)065/[042]079]|042] 100|042
7 [067] 055|079 055] 088|055/ 1.04]0.55
8 os4]072]097]072]105]|072]1.14]072

0 =20 and n=30

\to 0.25 0.5 0.75 1.0

N\ [cP] P |cP]FP | CP]F | cP]FP
10 [030 [ 020|050 020]075] 020 1.0 020
15 [ 047 | 034 | 052 | 034 | 075 [ 034 | 1.0 | 0.34
20 | 066 | 053|079 | 0.53 | 079 [ 0.53 | 1.0 | 0.53
25 [ 0.98 [ 0.86 | 1.10 | 0.86 | 1.30 | 0.86 | 1.21 | 0.86

95
0O =05and n=40
\to 1 12 3 3
N\ [cP] P |cCP|F |CP] FP | CP]| IP
10 | 1.0 ] 06| 20 ] 06 30] 06 40 | 06
15 1.4 0.9 2.0 0.9 3.0 0.9 4.0 0.9
20 | 19| ta | 210 | e |30 a0l s
25 |24 |19 |28 1w ] 30|19 40] 10
30 | 322739 2738274127
9 =1.0and n=10
‘o 0.5 1.0 15 2.0
N [P [ [P v | P ] 1w | P10
3 [ 06|03 ] 10 03| 15]03]20]03
4 o7 |os | 1o]os| 15| os]|20] 05
5 oo lor | i flor| 1501|2007
6 |11 ]ov | 1aflov] e ] 09| 20|09
7 fra e | s 2|
8 |17l ra o a2 ra] 23] 14
0O =1.0and n=30
\t 0.5 1.0 1.5 2.0
rn [cP] P |[cP]F |CP] FP | CP] PP
10 | 06 04| 10|04 15]04]20]o04
15100711 fo7|15]07]20]07
20 |13 11|16 |t1|we] 1] 2011
25 | 20 | 1.7 | 22 712517 ] 24|17
0O =1.0and n=60
o 0.5 1.0 1.5 2.0
N [cP| P |cCPF | P FP | P IP
20 | 06 | 04 | 10 | 04 | 15 ] 04 | 20 | 04
30 (10]lo07]|10flo7|15]07] 20107
40 | 13|l s |20
50 | 2018221827 18] 24] 18
© =2.0and n=20
‘o 0.25 0.5 0.75 1.0
N [CcP] P |CP|F |CP]F | CP] I®
6 | 03 |017] 05 017]075(017[ 1.0 |0.17
8 | 04 [025]051]025]075]|025] 1.0 02
10 | 05 033|054 |033]075]033] 1.0]033
12 | 06 | 043 065|043 |077|043] 10 | 043
14 | 07 [057]083|057|085|057]| 1.0 057
16 | 09 [ 076 ] 1.02]076 | 1.11] 076 | 1.12 | 0.76
0O =2.0and n=40
‘o 0.25 0.5 0.75 1.0
N\ [cP] P | cP] FP | CP|FP | CP] TP
10 | 026|014 | 05 |0.14 | 075|014 | 1.0 |0.14
15 | 034 [023] 05 [ 023075023 ] 1.0 | 023
20 | 048 | 034 | 052 [ 034 | 075|034 | 1.0 | 0.34
25 | 060 | 048 | 0.7 | 048 [ 076 [ 0.48 | 1.0 | 0.48
30 | 0.80 | 0.68 | 0.97 | 0.68 | 0.95 | 0.68 | 1.02 | 0.68
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0 =2.0 and n=60
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0 =5.0and n=10

\to 0.25 0.5 0.75 1.0 \to 0.1 0.2 0.3 Y
r\ ce [P [cP PP cP P [ cP] Fr r\ ce | FP | cP | FP | P FP | CP
20 029 [o20]050[020] 075 020 1.0 | o020 3 [oaz o007 [o020] 007030 007 030 053
30 [ 049 | 034 | 0.51 | 034 | 075 | 0.34 | 1.0 | 0.34 4 (014010 | 021 [0.10 | 0.30 | 0.10 | 0.40 | ¢4
40 | 067 | 054 ] 083|054 076|054 | 1.0 | 0.54 5 |o18 013022 [013]030]013 | 040 ¢
50 | 1.00 | 088 | 1.10 | 0.88 | 1.36 | 0.88 | 1.I8 | 0.88 6 1022070026 (070|032} 070 | 040 | 0,79

7 1027 022|032(022]035]022] 04202
8 [034]029]0.39]0.29] 0421 0.29 | 0.46 | .29
0 =5.0and n=20 0O =50and n=30
\to 0.1 0.2 0.3 0.4 \to 0.1 0.2 0, 04 )
r ce [ v [cp [P P cr]rp r\ ce | e e[ e
3 [or]oor]o2]007] 03 ]007]040] 007 10 [o12 ] 008 [ 020008030008 030 [ 008
4 [015(009] 02 009 03 |0.09] 040 | 0.09 15 [ 019 | 0.14 [ 021 [ 0.14 [ 0.30 | 0.14 | 0.40 | 014
5 orwjorz]o22]013] 03 [o13]o40]o013 20 | 026 {021 | 0.32 | 0.21 | 0.32 | 0.21 | 0.40 | 02
6 |023]0.18]026](0.18]031]018] 040018 25 | 039 [ 034 | 044 | 034 | 0.51 | 034 | 0.49 | 034
7 [028]023033]023]0.34 (023041023
8 |035]030]041030] 044 ] 030 045} 030
9 =5.0 and n=40 6 =5.0and n=60
\to 0.1 0.2 0.3 0.4 \to 0.1 0.2 0. 0.4
r\ ce [ FP | cP | FP [ cP| FP | cpP| FP r\ CP | FP | cP | FP [cP | FP [ cP TP
10 [ 0.10 [ 0.05 [ 0.20 | 0.05 | 0.30 | 0.05 | 0.40 | 0.05 20 | 0.29 | 0.08 [ 0.50 [ 0.08 075008 1.0 [ 008
15 | 0.14 [ 0.09 | 0.20 | 0.09 | 0.30 | 0.09 | 0.40 | 0.09 30 | 049 | 0.14 | 0.51 | 0.14 | 0.75 | 0.14 | 1.0 | 0.14
20 | 019 | 0.13 021 0.13 | 030|013 | 0.40 | 0.13 40 [0.27 (022 | 083|022 076]022]| 1.0 |02
25 | 024 | 019 | 0.28 | 0.19 | 0.30 | 0.19 | 0.40 | 0.19 50 | 040 035]1.09 (035|136 | 0.35 | 1.18 | 0.35
30 | 032|027 | 039 | 0.27 | 0.30 | 0.27 | 0.41 | 0.27 :
O =10 and n=10 O =10 and n=20
\to 0.05 0.10 0.15 0.20 \to 0.05 0.10 0.15 0.20
r\ ce [ FP | cP | FP [ cpP | FP | cpP | FP r\ CP | FP | ceP | FP [cP | FP |l cP] P
3 [0.06]003]0.10][003]0.15] 003|020/ 003 6 | 0.06]004]010]004]0.15]004]0.20] 004
4 |0.07]005]010]|005]0.15]| 0.05 | 0.20 | 0.05 8 |0.07]005]0.10|0.05]|0.15]| 0.05 | 020 | 0.05
5 | 0.09(007]o0.11]|007]0.15] 0.07 | 020|007 10 | 0.09 | 0.07 | 0.11 | 0.07 | 0.15 | 0.07 | 0.20 | 0.07
6 |o0.11009]013]009]0.16] 009|020} 0.09 12 {011 [ 009|013 009 0.15] 009 ]| 020|009
7 |o14a|o11|o16 o011 o018]011]020]0.11 14 014 012] 017 |012]017]0.12 ] 020] 012
8 | 017014019014 021]014]023]014 16 | 0.18 | 0.15 ] 0.20 | 0.15 | 0.22 | 0.15 | 0.23 | 0.15
© =10 and n =30 0 =10 and n=40
\to 0.05 0.10 0.15 0.20 \to 0.05 0.10 0.15 0.20
r\ CP FP CP FP CP FP CP FP r\ CcP FP CP FP Cp FP CP P
10 | 0.06 1004 ] o010] 0.04]0.15] 0.04 | 0.20 | 0.04 10 | 0.05 | 0.03 | 0.10 [ 0.03 | 0.15 ] 0.03 | 0.20 | 0.03
15 | 0.10 | 0.07 | 0.11 | 0.07 | 0.15 | 0.07 | 0.20 | 0.07 15 10.07 1 0.05 | 0.10 [ QOS5 | 0.15 | 0.05 | 0.20 | 0.05
20 | 013|011 016 | 011|016 | 0.11 | 0.20 | 0.11 20 | 0.10 | 0.07 | 0.10 | 0.07 | 0.15 | 0.07 | 0.20 | 0.07
25 | 020017 ]022](0.17]026] 017|024 | 017 25 10.12 | 0.10 | 0.14 | 0.10 | 0.15 | 0.10 | 0.20 | 0.10
30 | 0.16 | 0.14 | 0.19 | 0.14 { 0.19 | 0.14 | 0.20 | 0.14
0 =10 and n=60
\to 0.05 0.10 0.15 0.20
r\ ce [ FP | cP | FP [ cP | FP | cP | FP
20 [ 0.06 [ 0.04 [ 0.10 | 0.04 | 0.15 | 0.04 | 0.20 | 0.04
30 | 0.10 | 0.07 | 0.10 | 0.07 | 0.15 | 0.07 | 0.20 | 0.07
40 | 013 | 0.11 | 0.17 | 0.11 | 0.15 | 0.11 | 0.20 | 0.11
50 | 020]0.18 022 | 018 ] 027 ] 0.18 | 0.24 | 0.18
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A STATISTICAL DATA ANALYSIS FOR IDENTIFYING IMPORTANT FACTORS FOR
MAXIMUM PRODUCTION OF DURUM WHEAT HAPLOIDS

Surekha Mudivarthy and M. Bhaskara Rao*
Department of Statistics, North Dakota State University, Fargo, ND 58105

1. Introduction The authors of this article were invited to analyze data stemming from an experiment involving
intergeneric crosses of durum wheat and maize to recover durum wheat haploids at the USDA-ARS, Northern
gcience Laboratory, Fargo. The readers can contact Dr. Jauhar or Dr. Bommineni to obtain detailed information on
the original experiments. Although their manuscript is in preparation for publication, the purpose of this presentation
is to provide a detailed explanation of the data analysis carried out on their original data.

Tetraploid durum wheat (Triticum turgidum; 2n = 4x = 28; AABB genomes) evolved from two diploid wild
grasses viz., Triticum urartu (2n = 14; AA) and Aegilops speltoides (2n = 14; BB). In the terminology of genetics,
durum wheat is an allotetraploid (because it has two different genomes) with 28 chromosomes, where each genome
donor contributed 14 chromosomes. When one pollinates a durum wheat using pollen from another durum wheat,
the offspring will receive 14 chromosomes from the male parent (seven each from the A and B genomes), and 14
chromosomes from the female parent, again seven each from the A and B genomes. However, If one pollinates a
durum wheat with maize (2n = 20) pollen, the offspring receives 14 chromosomes from the female parent (durum
wheat) and 10 chromosomes from the male parent. Because of “incompatibility” between two sets of chromosomes
in this intergeneric zygote, maize chromosomes are eliminated in subsequent cell divisions and only 14
chromosomes of the durum parent are retained in developing embryos, In other words, these embryos consist of half
of the chromosome number of the durum parent and hence are called haploids. The caryopses (or fruits) carrying
these small embryos lack proper nutrition to support their growth and, therefore, the embryos need to be cultured on
artificial nutritional media to recover adult haploid plants. Because of a single set of chromosomes, most of these
haploid plants are sterile. After doubling their chromosome number with chemicals, fertility is restored and the
doubled haploids are highly useful in plant breeding to develop superior cultivars.

The basic question is whether or not the crossing of durum wheat with maize would lead to a successful
formation of embryos. Which one of the seven durum wheat cultivars [Durox, Langdon (LDN), Lloyd, Medora,
Monroe, Renville, and Vic] and three modified durum wheat cultivars [LDN-5D(5B), LDN-Ph1b Ph1b, and Cappelli-
Phic Phic] in combination with pollen from one of the three maize cultivars [Early Sunglow, Golden Jubilee, and
White Knight] would offer the most successful rate of embryo formation? As noted earlier, once the embryos are
formed, they were nurtured in vitro to recover plantlets. Again the question is which combination of the cultivars
confers the best advantage of getting plantlets from the embryos.

The data consist of proportions cross-classified according to two factors. The traditional analysis uses the
Analysis of Variance (ANOVA) method after transforming the data by the arc-sine square root transformation. We
suggested a new way of analyzing the data by fusing the logistic model with the usual ANOVA model. This new model
helped to identify some factors critical for production of the durum wheat haploids.

2. Experimental methods Durum wheat and maize plants used in the experiment were grown in 12 cm
diameter pots in the greenhouse at 22°C. The male stamens in the spikes of the durum plants were manually
removed and covered with glycine bags until the female stigmas become feathery and receptive. After 2 to 4 days,
the stigmas were dusted with maize pollen (called pollination) and again bagged. Five different post-pollination spray
treatments were used to recover haploid embryos. The spray treatments were:

a. Control : Double distilled water

b. 75 mg/L GA, + 5 mg/L 2,4-D (GA, = gibberellic acid;

c. 3mg/L 2,4-D + 60 mg/L AgNO, 2,4-D = 2,4-dichlorophenoxy
d. 3mg/L 2,4-D + 120 mg/L AgNO, acetic acid;

e. 3 mg/L 2,4-D + 180 mg/L AgNO, AgNO, = silver nitrate.)

The spray treatments were given within 24 hours after pollination and continued for up to 16 days to promote
the development of haploid embryos on the spikes.

After 16 days, the caryopses containing the haploid embryos were surface sterilized, and the embryos were
aseptically isolated and placed on nutrient medium in a Petri dish. The isolated embryos were incubated for 4-6
Weeks in the dark at 25°C. The embryos that developed leaves and small primary roots were transferred to a lighted
Ncubator at 25°C for 1-4 weeks until they developed into green plantlets.
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In Table 1, we have included the number of florets pollinated, frequency of embryos that resulteq, ang
frequency haploid plants that grew out of the embryos. The data are cross-classified according to the treatment g
and durum wheat cultivar employed. In Table 2, the same information as presented in Table 1 is given but the data
are now cross-classified according to two factors: maize cultivar used and durum wheat cultivar used.

3. Analysis Treatment a (control) has not produced even a single embryo. The data pertaining to the contry,
are completely eliminated from further analyses. Some summary statistics are collected.

(i) Total number of florets pollinated =14, 272.

(i) Total number of embryos recovered = 1,038 (7.27% of total number of florets)

(iii) Total number of embryos germinated = 140 (13.49% of total number of embryos)

After the usual arc sine transformation, the data yielded four ANOVA tables reproduced below.

ANOVA TABLE FOR THE DATA ANOVA TABLE FOR THE DATA
ON EMBRYOS RECOVERED ON HAPLOIDS GERMINATED
Source DF __MSS  F-ratio Source DF MSS  F-ratio
Treatments 3 0.0942 15.30* Treatments 3 0.3103 1.69
Durum wheat 9 0.0195 3.17* Durum wheat 9 0.0873 0.48

* significant with p-value < 0.01

ANOVA TABLE FOR THE DATA ANOVA TABLE FOR THE DATA
ON EMBRYOS RECOVERED ON HAPLOIDS GERMINATED
Source DF _MSS _F-ratio Source DF MSS __ F-ratio
Maize 2 0.0011 0.35 Maize 2 0.0021 0.07
Durum wheat 9 0.0144 4.55* Durum wheat 9 0.0459 1.90

* significant with p-value < 0.01

Some useful pointers emerge from the analyses. As far as nurturing embryos to let them grow into haploid
plants, it makes no difference who the parents of the embryos were. The conclusion makes sense. The act of
nurturing embryos to develop them into plants is similar to the act of letting a premature baby grow in an intensive
care unit. The parentage has no significant effect on the outcome. When it comes to the formation of embryos, the
treatments are significantly different. The durum wheat genotypes are also significantly different. The maize
varieties have no bearing on the incidence of formation of embryos. Once we recognize that the durum wheat
genotypes are significantly different, we need to identify those genotypes which confer a distinct advantage on the
incidence of formation of embryos. The method of least significant differences can be used to sort out the wheat
genotypes. In stead, we will introduce a model which is a combination of the logistic model and ANOVA model. Let
p, be the probability of successful formation of an embryo under the i-th treatment &nd j-th durum wheat genotype.
The treatments under focus are: b, ¢, d, and e. These are labeled as 1, 2, 3, and 4. The durum wheat genotypes are
those listed in the introduction. These are labeled as 1, 2, ..., 10 in the order they are listed in the introduction. The
model governing these probabilities is given by

ln(p||/(1'p|]) = KU+ o; + BJ

where L is the general effect, oi; is the effect of the i-th treatment, and B j is the effect of the j-th durum wheat

genotype. One advantage of this model is that the treatments can be arranged in the order of the magnitudes of thgir
influences or effects. A similar ordering is feasible for the durum wheat genotypes. There is one small problem with
this model. The parameters of the model are not uniquely identifiable. In order to resolve the identity crisis, one can
set one of the effects to be equal to zero and then proceed to estimate the remaining effects using the data. PROC
GENMOD in the SAS environment provides all the estimates of the effects along with their standard errors. The
output is reproduced below.

PROCEEDINGS OF THE NORTH DAKOTA ACADEMY OF SCIENCE, VOLUME 51, 1997



STATISTICAL MODELING 99

Estimates of Effects and Their Standard Errors Under the Logisitc Model:
The case of successful embryo formation (Treatments x Durum wheat)

Parameter
Intercept (1)
Treatment b
Treatment ¢
Treatment d
Treatment e

Durum Wheat

LDN
Cappelli
LDN-ph1
Vic

Medora
Monroe
LDN-5D(5B)
Lloyd

Durox
Renville

Estimate

-3.1069
-1.9678
-0.1326
-0.1243
0.0000

-0.2197
-0.1382
0.0000
0.2025
0.4179
0.4862
0.5260
1.1886
1.2303
1.6337

Standard error

0.1163"

0.1006"

0.0787

0.0803

(This is the effect set equal to zero.)

0.1634
0.1673
(This is the effect set equal to zero.)
0.1928
0.1748*
0.2042*
0.1322*
0.1254*
0.1264*
0.1402*

Estimates of Effects and Their Standard Errors Under the Logisitc Model:
The case of successful haploid plant germination (Treatments x Durum wheat)

Parameter
Intercept (1)
Treatment b
Treatment c
Treatment e
Treatment d

Durum Wheat

Cappelli
LDN pht
LDN

Lloyd
Monroe
Durox
LDN-5D(5B)
Renville

Vic

Medora

Estimate
-2.7865

-2.1549
-0.4852
0.0000
0.3211

-0.1306
0.0000
0.3624
0.7578
0.8126
0.8410
1.1654
1.5637
2.2852
2.3080

Standard error

0.4491*

0.4712*

0.2444

(This is the effect set equal to zero.)
0.2224

0.6951

(This is the effect set equal to zero.)
0.6356

0.4706

0.6875

0.4825

0.4731*

0.5127*

0.6552*

0.5020*

Some useful pointers emerge from the above output. If we regard Treatment e as a standard with which we
compare the effects of other treatments, Treatment b has an adverse effect on embryo formation and on germination
exhibiting below par performance very much below the norm. If we regard LDN-ph1b ph1bas a standard, the wheats

DN'SD(5B), Renville, Vic, and Medora exhibit above par performance significantly above the norm on germination
and Medora, Monroe, Lloyd, LDN-5D(5B), Durox and Renville on embryo formation. The conclusions drawn on
embryo formation using the logistic-Anova model agrees more or less with those using the least significant difference
Method on grouping the durum wheat genotypes.

A similar analysis is performed on the phenomenon of embryo formation and germination for the data cross-
classified according to maize and durum wheat cultivars used. The output is reproduced below.
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Estimates of Effects and Their Standard Errors Under the Logisitc Model:
The case of successful embryo formation (Maize x Durum wheat)

Parameter
Intercept (I )
Maize

Golden Jubilee
Early Sunglow
White knight
Durum Wheat
Medora

Vic
LDN

Monroe
Cappelli
LDN-ph1
LDN-5D(5B)
Renville
Durox

Lloyd

Estimate

-3.0603

-0.3498
-0.1954
0.0000

-1.1775
-1.0500
-0.5702
-0.3788
-0.1873
0.0000
0.3484
0.4009
0.7749
0.8736

Standard error
0.1133*

0.0774*
0.0710*
(This is the effect set equal to zero.)

0.1763*

0.1873*

0.1633*

0.2032

0.1678

(This is the effect set equal to zero.)
0.1330*

0.1342*

0.1260*

0.1247*

Estimates of Effects and Their Standard Errors Under the Logisitc Model:
The case of successful haploid plant germination (Maize x Durum wheat)
Parameter ~ Estimate Standard error

Intercept (L) -3.3403

Maize

Early Sunglow 0.9472
Golden Jubliee 0.5197

White Knight
Durum Wheat
Cappelli

LDN phi1b
Monroe

LDN

Durox

Lloyd

Renville

Vic

LDN-5D(5B)
Medora

If we treat White Knight as a standard with which to compare the performance of other maize varieties, Early
Sunglow and Golden Jubilee have adverse effect on the formation of embryos but Early Sunglow has a positive effec!
on germination. If we treat LDN ph1b ph1b as a standard to compare other durum wheat genotypes, LDN-5D(§P)u
Renville, Durox, and Lloyd have positive effect on embryo formation and LDN-5D(5B) and Medora have positvé

effect on embryo germination.

4. Conclusions If we put all analyses together, the wheat line LDN-5D(5B) seems to work best for embryo
formation as well as germination. As far as maize cultivars are concerned, there is no clear cut winner. All seem to
be equally good. With regard to treatments, avoid treatment b. All other treatments are not significantly different

from each other.

Reference Almouslem, A.B., Jauhar, P.P., Peterson, T.S., Bommineni, V.R., and Joppa, |.R. (1997) Durum

0.0000

-0.2247
0.0000
0.2995
0.3821
0.5431
0.7399
1.0212
1.0518
1.3300
2.8317

0.4709

0.2269*
0.2441
(This is the effect set equal to zero.)

0.7401
(This is the effect set equal to zero.)
0.7189
0.6637
0.4902
0.4857
0.5154
0.6164
0.4937*
0.5336*

—

Wheat Haploids with and without Ph7: Chromosome pairing between A and B genomes, a pre-print.
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Table 1: Frequency of embryos and haploid plants obtained after pollination of durum wheat genotypes with maize
(Treatme“t x Durum wheat)

—Treat- | Cultivars and Lines
ments [Durum LDN Lioyd Medora Monroe Renville Vic LDN-5D(5B) LDN-Ph1b Cappelli

a:
i 84 90 78 74 68 64 72 88 96 86
i 0 0 0 0 0 0 0 0 0 0
jii 0 0 0 0 0 0 0 0 0 0
b:
i 1272 984 978 3588 1066 2440 2656 494 92 116
ii 30 3 19 5 0 102 20 2 2 2
jii 0 0 0 0 0 2 0 0 0 0
c:
i 812 498 654 190 134 178 138 738 808 440
ii 94 20 85 10 10 20 5 62 13 10
iii 7 0 5 5 1 3 2 6 0 0
d:
i 412 570 528 252 156 196 182 928 838 972
ii 26 10 78 31 4 18 2 60 49 28
iii 1 2 7 11 0 0 1 12 2 0
e:
i 627 896 892 52 108 242 156 956 668 560
ii 105 35 85 16 21 28 6 54 29 24
ili 7 2 16 7 2 3 3 10 3 2
Total 1 225 65 248 57 35 66 13 176 91 62
Total2 25 4 28 23 3 16 6 28 5 2

i = number of florets pollinated;

i = number of haploid embryos recovered ;
iii = number of green haploid plantlets;
Total 1 = total number of embryos

Total 2 = total numbers of plants .

Table 2: Frequency of embryos and haploid plants obtained after pollination of durum with maize
(Durum wheat x Maize)

Male Early Sunglow Golden Jubilee White Knight

Female Florets Embryo Plants Florets Embryo  Plants Florets Embryo Plants
Durm 1449 112 12 451 44 6 1223 99 7
LDN 718 9 0 17 17 3 1576 42 1
Lioyd 1038 80 24 65 65 0 1142 122 4
Medora 1318 16 7 2 2 0 2088 34 16
Monroe 328 27 2 6 6 1 160 2 0
Renville 292 13 0 38 38 5 1204 117 13
Vie 1356 16 0 13 13 5 988 14 1
LDN-5D(5B) 760 25 10 57 57 12 1782 94 6
LDN- Ph1b 802 38 2 2 23 0 776 30 3
L Cappelli 583 24 0 18 18 0 801 20 2
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CARNIVORE SCENT-STATION SURVEYS:
STATISTICAL CONSIDERATIONS

Glen A. Sargeant* and Douglas H. Johnson

Department of Wildlife Ecology, University of Wisconsin,
226 Russell Labs, 1630 Linden Drive, Madison, WI 53706 (GAS)
and United States Geological Survey, Biological Resources Division,
Northem Prairic Scicnce Center, 8711 37th St. SE, Jamestown, ND (DHJ)

Scent-station surveys arc a popular method of monitoring temporal and geographic trends in carnivore populations, w,
used customary methods to analyze ficld data collccted in Minnesota during 1986-93 and obtained unsatisfactory resyyyg,
Statistical modcls fit poorly, individual carnivores had unduc influence on summary statistics, and comparisons were
confounded by factors other than abundance. We conclude that statistical propertics of scent-station data are poorly undersioog,
This fact has repercussions for carnivore research and management. In this paper, we identify especially important aspects of
the design, analysis, and interpretation of scent-station surveys.

INTRODUCTION

Animal abundance is one appropriate measure for gauging the success of wildlife management, monitoring the status of
threatened and endangered species, and determining the outcome of many experiments. Thus, estimates of abundance are
among the most important information needs of wildlife managers. Unfortunately, many carnivores are cryptic, secretive, and
occur at low density. Accurate estimates of abundance are seldom obtainable for such species, so indices of relative abundance
often substitute (see species accounts in Novak et al. [1]). Carnivore scent-station surveys are one such index.

We used standard methods to analyze scent-station data collected in Minnesota during 1986-93. Although our data set
was among the largest in existence, we were frustrated by inadequate sample sizes. The most popular statistical model for scent-
station data fit poorly. Anomalous data had undue influence on summary statistics and affected results of statistical
comparisons. To overcome these problems, we devised improved methods for using scent-station surveys to monitor temporal
and geographic trends in carnivore populations.

The difficulties we encountered can be traced to a few key features of survey decsigns and methods of analysis. These
include the spatial distribution of scent stations, the experimental unit chosen for analyses, the statistic used to summarize
results, the statistical model underlying analyses, and confounding of statistical comparisons. In this paper, we discuss these
aspects of the design and analysis of carnivore scent-station surveys. Our presentation will demonstrate the use of field data to
resolve issues raised in this paper.

SURVEY METHODS

The carnivore survey conducted annually by the Minnesota Department of Natural Resources and the U.S. Fish and
Wildlife Service was the source of field data for our presentation. Each scent station consisted of a 0.9-m diameter circle of
smoothed earth with a scented lure placed at the center. Stations were grouped in lines to simplify data collection. Ten scent
stations placed along an unpaved road at 480 m intervals comprised a line. Minimum spacing between lines was 5 km.
Sampling was non-random, but 441 lines were distributed throughout the state. Each line was operated for one night each ye&r
between late August and mid-October, though not all lines were operated every year. Presence or absence of tracks was recorded,
by species, at each station when it was checked the day after activation.

CHOOSING AN EXPERIMENTAL UNIT

Scent-station surveys vary in design. Sometimes stations are not grouped, as they were in Minnesota. The dispersion of
stations should determine how stations are treated in analyses: in some cases, stations may reasonably be treated as independe“‘
samples; in others, they should be considered correlated samples or subsamples. Usually these issues are given inadequaté
consideration.

Closely spaced stations produce correlated data, but how far correlations extend is unknown. Stations placed too clos¢ ©
one another produce redundant data. Spacing stations more widely than necessary increases the cost of surveys and prccludes
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intensive sampling of small areas. Subjective estimates of optimum spacing are inconsistent. Somc investigators (e.g., Smith
et al. [2)) have treated stations within 320 m of one another as independent samples. Others (e.g., Morrison et al. [3]) thought
it necessary to separate stations by as much as 1.6 km. We have used variograms to show that correlations between stations often
extend t0 2000 m or more. Separating stations by this great a distance is seldom practical, so we have pursued the development
of summary statistics and methods of analysis that are robust to correlations between stations.

SUMMARY STATISTICS

Results of scent-station surveys are almost always summarized by visitation rates (p, = stations visitcd/stations operated).
As a summary statistic, visitation rates have two serious deficiencies.

First, visitation rates are not directly related to abundance because each station has the capacity for only one detection.
When visitation rates are high, many individual carnivores encounter stations that have already been visited. These additional
visits have no effect on visitation rates. The result is a nonlinear relationship between visitation rate and abundance. The form
of the curve is unknown, except for the y-intercept (0) and asymptote (y=1), so visitation rates can be used only (o rank
abundances.

Second, visitation rates are easily influenced by factors other than abundance, especially when sample sizes are small or
visitation rates are low. These may include weather, season, human activity, or other factors that influence animal behavior.
An ideal summary statistic would be robust to such effects. We will use examples to demonstrate the poor performance of
visitation rates and present two altermative summary statistics: the proportion of lines that are visited (p) and the negative
natural logarithm of the proportion of lines that are not visited (-In[1-p ]).

STATISTICAL MODELS

For analytical convenience, some investigators treat stations as independent Bernoulli trials: a visit by one or more
individuals of a species is a “success.” This model leads naturally to convenient methods of analyzing binomial data, including
logistic regression and log-linear models. The benefit of this approach is the ability to investigate variables that affect visitation
probabilities of individual stations (e.g., habitat characteristics).

Aggregating stations into groups--lines, in our example--and treating each group as an experimental unit is a more
conservative approach. Group visitation rates are treated as independent random samples from unknown distributions. This
approach has been used by investigators (e.g., Roughton and Sweeny [4]) who were unwilling to assume stations wcre
independent.

To our knowledge, the fit of the binomial model has never been tested. We devised a goodness-of-fit test and found the

binomial distribution to be a poor model for visitation rates, but an adequate one for the proportion of lines with one or more
stations visited.

STATISTICAL COMPARISONS

With few exceptions, statistical analyses of scent-station data have been limited to pairwise comparisons (e.g., of years,
seasons, or geographic locations). Significant differences faithfully reflect changes in abundance only if other factors that affect
visitation are relatively constant over time and through space. Some investigators are unaware of the possible confounding
effect of other factors (e.g. weather). Most often, however, only two or three years of data are available and are inadequate for
testing the significance of long-term trends. Long-term data sets and careful analysis are required for separating changes in
abundance from changes in confounding factors. We advocate testing for trends by simple linear regression of rank-transformed
data: the method is easy to apply and interpret and is robust to confounding.

SUMMARY

. Scent-station surveys are widely viewed as an accurate and inexpensive means of simultaneously gaining reliable
information about the distribution and relative abundance of several species of carnivores (Johnson and Pelton [5]). Whether
3 particular scent-station survey will meet these high expectations depends largely on how the following issues are resolved:

1) Sampling: How should stations be spatially distributed?

2) Response variables: Is p, a suitable summary statistic?

3) Statistical models: The binomial distribution has convenient propertics, but does it adequately describe ficld data?
4) Statistical comparisons: Are comparisons confounded by unidentified factors?
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RESEARCH IN ASTROPHYSICS AT THE UNIVERSITY OF NORTH DAKOTA: 1996 - 1997

Mark J. Henriksen*, Department of Physics, University of North Dakota, Grand Forks, ND 58202-7129
mahenrik @plains.nodak.edu

A summary of the results of three projects involving physics students at UND is presented. These projects address three
major topics in modern astrophysics: the dark matter content of the Universe, galaxy interactions and mergers, and (he
evolution of galaxics in clusters of galaxics.

I. The Effect of Magnctic Ficlds in Clusters of Galaxies on the Mcasurement of Q

Perhaps (he most significant discovery in astrophysics in this century is that the Universe is expanding. Answering (he
obvious question, “will it expand forever?”, is a primary goal of modern cosmology. Tt is a simple question and the mcthodology
used to obtain the answer is also simple; mcasure the current mass density in the Univeise and compare it to that nceded
exert a strong enough gravitational attraction on the most distant galaxies to halt (hcir outward motion. The minimum density
required to stop the expansion of thc Universe at some future time is called the critical density (p,). The parameter, Q (= plp),
is an indication of the future of the Universe in the sense that if Q >1 (<1) the Universe will be in contraction (expansion)
within several “Hubble times” (the current age of the Universe). Significant and profound progress has been made in the pas(
decade though it has turned out to be a difficult measurement to make with competing methods giving different answers. In
this paper, I will show that magnetic fields in clusters of galaxies are intimately related to current measurements of Q and may
be the key to providing unification of measurements of .

A cluster of galaxies is a collection a thousand or more galaxies held together by gravity. Most galaxies in fact reside in
clusters; so to measure the mass density in these objects is the best way to sample the average mass density of the Universe. It
was discovered over 60 years ago that the galaxies themselves do not have enough mass, deficient by a factor of ten, to exerta
mutual gravitational force which is sufficient to bind them into a cluster. This was the first indication that the mass density of
the Universe might be dominate by unseen or dark matter.

In the last 10 years, two methods have emerged as competitors in determining the density of matter within a cluster of
galaxies. Both methods are consistent within a factor of 2-3, however, this difference is enough to have very interesting
implications. The first method exploits the presence of a hot intracluster medium which permeates all clusters of galaxies. This
medium consists of cold, primordial intracluster gas which has been heated to millions of Kelvins and mixed with interstellar
material which was originally contained in the cluster galaxies and was subsequently lost to the intracluster medium. Latc in
the life of a cluster of galaxies, the hot atmosphere of the cluster reaches a stage where it is in hydrostatic equilibrium, much
like the Sun’s atmosphere, in which the inward pull of gravity on each layer of the atmosphere is balanced by the outward push
of gas pressure. The application of hydrostatic equilibrium provides a direct measurement of the mass at each radius in the
cluster by using observationally determined temperature and the density of the gas, which determine the gas pressure, at each
radius. This method consistently results in a value of € around 0.2 - 0.3, indicating an open Universe.

The other method involves an effect called gravitational lensing which is a prediction of the theory of relativity in which
the space around a massive object is curved so that light passing nearby follows a curved path. In this way, the massive object
focuses the light from an object behind it producing multiple images and great arcs and arclets of light. The distribution of
these images is then used to derive the mass distribution of the lensing object, the cluster of galaxies. The measured mass is the
total mass which includes galaxies, hot intracluster medium, and dark matter (identical to that measured by hydrostatic
equilibrium). This method produces a larger Q which is generally consistent with 1, a “critical Universe™ or the minimum
density in which the expansion of the Universe will ultimately be halted. The problem we will address is why X-ray measurements
give a smaller total masses then gravitational lensing studies. One possibility to reconcile the different values of Q would
emerge if magnetic fields, rather than the gas, within the intracluster medium provide the pressure support to balance gravity
in the central region of the cluster. A look at hydrostatic equilibrium with a magnetic field indicates that the mass content can
be higher without increasing the thermal pressure of the gas while still maintaining the balance between pressure and gravity.

M(r)p
r2

dlr[n.(r)KT(r) + B(2/87] = G

In this Equation, the first term is due to gas pressure and the second term is due to magnetic field pressure. To confirm

or deny this hypothesis, we are analyzing hard X-ray observations of five clusters of galaxies in order to infer the mcan
magnetic field in the cluster gas.
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The broad (2 - 60 keV) spectrum of the cluster gas is dominated by the hot thermal component. The continuum of the
thermal component is given by e™*T 5o that for hv >> kT, the thermal continuum will essentially cutoff at higher energy (= 20
keV). But there is a non-thermal component which will dominate at energies above the cutoff of thc thermal component. And
this component depends on the magnetic field strength. This hard X-ray emission (HEX) results from cosmic microwave
packground photons scattering to X-ray encrgies off of primary cosmic rays (relativistic clectrons) through the inverse Compton
effcct. Scveral clusters have diffusc radio halos which arc produccd by synchrotron emission from the relativistic charged
particles (primary cosmic rays) in the magnetic ficld in the cluster. The radio observations constrain the energy distribution of
relativistic clectrons which directly effects the resulting HEX spectrum. The following equation for the HEX inverse Compton
flux (F)) shows that a higher magnetic ficld results in lower X-ray emission so that an upper limit on thc HEX sets a minimum
mean magnctic field.

F.(€)=Aaz(p)(kT)P*O2 RO+ b2 2 1

The observed radio spectrum provides the spectral index, p, the normalization, A, a(p) is a numecrical factor, B is the
mean magnetic ficld, € is the photon cnergy. Unfortunately, with the sensitivity of the currently available data, no hard X-ray
emission was detected from any of the clusters. Table 1 gives the HEX (90% confidence) upper limits we measured on (he
HEX in the 20 - 60 keV energy band. These limits werc derived by performing a spectral fit of two data sets from the Advanced
Satellite for Astrophysics and Cosmology (ASCA) and the High Energy Astrophysical Observatory - 1 (HEAO- 1). The modecl
fit consists of a thermal component, which is tightly constrained by the ASCA data, and a non-thermal power-law component,
which is best constrained by the HEAOI1 data. Also shown in the Tablc is the lower limit on the mcan magnetic field calculated
from the upper limits. They range from 0.1 - 0.5 micro Gauss. This is the mean field, an average over the entire cluster. But in
most astrophysical applications, the gas density is low so that the magnetic field is said to be “frozen in” to the gas and has the
same distribution as the gas. The intracluster gas distribution is typically described by the following radial distribution: n/n_=
(1 + (r/2)*)**” which is peaked in the center and decreases with radius. The central value of the magnetic field is calculated
from the mean by using this equation for the magnetic field distribution with typical values for the radial profile (a = 0.250
Mpc, B = 0.66, and the nominal size of the emitting region, 1 Mpc = 3.26 million light years) are used to calculate the central
magnetic ficld. The mass problem is primarily confined to the central region of the cluster. The gas pressure and magnetic ficld
pressure arc both calculated and shown in the Table. Since the magnetic field pressure is a lower limit, the possibility cxists
that the ficlds are strong enough to dominate gas pressure. A1367 is a case in which the magnetic ficld support is dominant
over gas pressure. Because it’s gas temperature is low, the thermal part of the spectrum cuts off at lower energies and the HEX
is easier to constrain. More sensitive hard X- ray detectors should be able to place more sensitive contraints on the magnetic
fields and for cooler clusters such as A1367, detect them.

Table 1
Cluster ~ HEX (ergscm?  <B>pGauss B _pG n(10? cm?) T (keV)  Pg (10" Pb(10*? dynes
sec!) dynescm?) cm?)
A401 <8.0 >0.14 >5.4 3 82-93 46 >1.2
A754 <4.8 >0.17 >5.9 2 10.5-11.5 33 >1.4
Al1367 <0.51 >0.91 >35. 0.7-1.2 3.4-4.2 6 >48.7
A2256  <«l.1 >0.30 >10.5 24-2.5 5.3-6.0 22 >4.4
A2319 <48 >0.17 >5.9 29-3.3 9.0-10.5 48 >14

II. An X-ray Survey of Galaxy Pairs (in collaboration with Sarah Cousineau)

In the past several years, observational and theoretical work has highlighted the importance of galaxy interactions and
mergers in galaxy evolution. Galaxy evolution over that past 5 - 10 billion years is characterized by: (1) a change in the overall
distribution of galaxies from mostly spiral to mostly elliptical, (2) a very high rate of star formation in normal galaxies 5
billion years ago, (3) appearance of a special class of galaxies exhibiting an active nuclear region of intense star formation
Called “starburst galaxies”. Normal galaxies can be organized into two morphological classes: spiral and elliptical. Thus, pairs
of galaxies can be broken down into spiral pairs, elliptical pairs, and mixed pairs. By studying galaxies in close proximity, and
making comparisons to isolated galaxies, we can study the nature of galaxy interactions and the origin of galaxy pairs.
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1. Data

The largest sample of optically selected galaxy pairs has been assembled by Karachentsev (1) with nearly 600 entries,
We have undertaken the first X-ray study of galaxy pairs using this sample. Since there has been no previous X-ray survey of
pairs nor is there a suitable planned X-ray imaging instrument to carry out a survey of this size, we have looked for serendipioys
appearances of galaxy pairs from the optical survey on the archived images from the ROSAT pointed X-ray observations of (he
Position Sensitive Proportional Counter (PSPC). The ficld of view of the imagcs is a circle of radius 1 degree with an encrgy
band of 0.25 - 2.0 keV, well suited (o the soft X-ray cmission from galaxies. Of the optical galaxy pairs, 57 were found (o haye
coordinates which placed them on the X-ray images. The integration times ranged from scveral thousand scconds (o severy
tens of thousands of scconds. Since they were not the primary target, in a number of cases, the galaxics fall in a region of [y
mirror/detector sensitivity. Conscquently, in a number of cases the pairs were not detected and upper limits were mcasured,

We ran correlation tests between the luminosity in the blue part of the electromagnetic spectrum (L,), which is sensitive
to radiation from massive, young stars and is therefore cvidence of current star formation, and soft X-ray emission (L), which
is an indication of the amount of gas at millions of Kclvins, presumably interstellar gas or halo material hcated by galactic
winds driven by the star formation. This produces a correlation in isolated galaxics, L~ (L)% for both spiral and ellipticul
galaxies. Running the same correlation tests on isolated galaxies and pairs can indicate whether the relationship between star
formation and hot gas is the same for galaxics in pairs.

2. Elliptical-Elliptical Pairs

There were 16 pairs of clliptical galaxies of which 10 were detected and 6 have upper limits. The blue luminosities of the
galaxies range from 3.4x10* - 5.4x10* and the X-ray luminosities range from 10* - 10*., For this sample, a statistical fit to
the data gave a strong correlation probability of 99%. This is consistent with the survey of isolated elliptical galaxies by
Eskridge et al. (2), suggesting that the amount of star formation is correlated with the amount of hot gas in both systems. The
correlation between star formation and the amount of hot gas may be an indication that a hot wind permeates the galaxy and
is driven by the energy input from the star formation. This is possible because the most massive stars will become supemovae
and release a large amount of energy heating the interstellar medium of the galaxy on a short time scale. An important
difference is that the ellipticals in pairs exhibit a larger blue luminosity than do the isolated ellipticals. In addition, the
correlation with blue luminosity is much steeper, so that for a given level of star formation, there is a much larger amount of
hot gas, for galaxies in pairs. Indeed, the highest X-ray luminosities are atypical of isolated elliptical galaxies and are more
typical of groups of galaxies and even the central regions of poor clusters of galaxies which are both dominated by hot
intergalactic gas. We interpret this to mean that there is a second component of hot gas in the pairs. Small groups of three or
more galaxies, have diffuse X-ray emission due to an intergalactic medium which is between the galaxies. These resulls
suggest that the elliptical pairs have evolved from groups of galaxies which were dominated by spiral galaxies. The spiral
galaxies merged to form elliptical galaxies, as been shown to be possible in recent simulations by Bames and Hernquist (3).
The violent process of merging and the star forming material from the spiral disks account for the increased rate of star
formation in the paired ellipticals. The additional component of hot gas is the fossil remnant of the group’s intergalactic
medium. These results suggest that the general transformation of a spiral rich population of galaxies to one dominated by
ellipticals may take place through galaxy mergers within groups of galaxies.

/

3. Spiral-Spiral Pairs

The spiral galaxy pairs showed a similarly strong correlation to that found for isolated spirals by Fabbiano et al. (4). The
correlation is in fact statistically indistinguishable. The primary difference is that the spirals in pairs have blue luminosities
and X-ray luminosities which place them at the extreme high end of the range of values of these parameters found for isolated
spirals. This is interpreted as evidence that the spiral galaxies are interacting and inducing a higher rate of star formation and
a more luminous hot phase of the interstellar medium through tidal interactions.

4. Mixed Pairs

Perhaps the least understood correlations involve galaxies in pairs with different masses; the mixed pairs. Elliptical
galaxies are approximately a factor of 10 times more massive than spiral galaxies so that mass transfer may take place from the
spiral to the elliptical. This is possible because the gravitational attraction from the elliptical galaxy on the material far out in
the disk (~20 kpc) may be larger than the self-gravity of the spiral galaxy if the pair is close proximity (~60 kpc). The X-ray
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and blué luminosities do not show a correlation. The correlation seen for both spirals and cllipticals appears to break down
pecause of a few pairs with high X-ray luminosity and a relatively low blue luminosity. The range in blue luminosity more
closely resembles the range in blue luminosity of the spiral pairs rather than ellipticals. On the other hand, the very high X-ray
juminosity may indicate a similar origin to the elliptical pairs; the merger may have becn in the past giving a lower blue
juminosity and the X-ray emission remains as a fossil remnant of the group the elliptical galaxy formed from. Perhaps the
mixed pairs are the best evidence of pairs which have formed through the merger of galaxics within groups because they show
the X-ray luminosities typical of the intcrgalactic medium of groups and in some cases show very littlc current star formation.

[1I. The Nature of the Unidentified Small Scale X-ray Structure in Clusters of Galaxics (in collaboration with Dean
Smith).

Clusters of galaxies such as A1367 (the 1367" entry on Abell’s historic and monumental optical catalog of galaxy
clusters) show substructure in their X-ray image which is visible to the naked eye. Less than half of the clusters of galaxics
have images in which the gas appcars smooth and symmetric, indicative that the gas is in hydrostatic cquilibrium. Howcever,
many clusters appear similar (o A1367 showing a very asymmetric gas distribution and cvidence of small scale substructure.
Yet, when standard source dctection algorithms are applied to he images, very few sources meet the detection criterion
(typically 50). This is because the diffuse intergalactic medium provides a broad, nearly flat background of X-ray emission so
that weak point and extended sources do not protrude out with sufficient significance. We have convolved a wavelet function
with the image with the goal of amplifying the weak sources above the cluster intergalactic medium. For this purpose, a
“Mexican Hat” was employed because it has negative value wings. Because of this, it amplifies structure with a similar scale
size as the chosen wavelet. When the function is multiplied by a source which is larger than the wavelet, the convolution adds
in negative emission from the negative valued wings (which contain source emission); this suppresses the overall strength of
the source. If the source did not extend out into the wings, it would have been amplificd rather than suppressed. Therefore, to
find the structure on all scales requires convolving the image with wavelets which span the entire range of sizes of structurc in
the image. For clusters, wavelets with half-width of 10, 20, 40, 80, 160 arc secs are used. This method has proved superior for
finding structure; in the central region of the A1367 image alone (approximately 20% of the available image), 33 sources were
found with a significance greater than 3.5 after the wavelet convolution. After using this method to locate the weak sources,
detailed corrections were applied to correct for spurious counts from cosmic rays, vignetting within the detector and by the
telescope, and removal of the galactic and extragalactic background components as well as the “contaminating” cluster emission,
thus allowing an accurate measurement of the source count rate. Next we identified as many of the sources as is possible using
the numerous, available catalogs of stellar and non-stcllar sources. From these, we selected two subsets: (1) extended sources
identificd with galaxies in the A1367 cluster and (2) extended, non-stellar, sources with no counterparts. We checked (heir
position on the Digital Sky Survey and they remain unidentified, extended (non-stellar) sources. Six sources were in the first
sample and cighteen in the second.

Table 2
Source  Local Flux Radius ID Source  Local Flux Radius ID
(10?ergs cm s")  (arc min) (10'?ergs cm 2s') (arc min)
17 2.82 0.3 none 19 1.05 8.8 none
3 2.33 8.4 galaxy 5 0.93 5.6 galaxy
18 2.08 44 none 26 0.81 17.6 none
20 1.78 55 none 14 0.74 11.5 none
13 1.69 4.8 none 4 0.74 16.2 galaxy
8 1.64 11.2 galaxy || 28 0.67 17.6 none
21 1.46 10.7 none 6 0.67 20.4 galaxy
16 1.3 15.8 none 9 0.55 15.2 galaxy
25 1.24 13.2 none 27 0.50 17.0 none
15 1.12 9.5 none 32 0.47 16.8 none
30 1.11 16 none 33 0.25 18.9 none
12 1.11 6.9 none 10 0.013 23.0 none
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There are two possibilitics for the origin of the unidentificd sources. They may be material removed from individyg 0
groups of galaxies or distant clusters of galaxies. Approximately 20-30% of the sources should be identified with dismn:
clusters using previous serendipitous surveys such as the Einstein Medium Sensitivity Survey as a predictor. To determip,
whether the first possibility can account for most of the eighteen sources, we can test whether or not the sample of objects
without counterparts reside in a more gas-rich cluster cnvironment than those identified with galaxics. The local flux of X. r'll
emission surrounding the sources, if at the same distance, depends primarily on the gas dcnsity. This would test the hypothesig
that they are elliptical galaxy halos or group intcrgalactic medium removed by the ram-pressure of the intracluster medium, 0;]
the galaxies as they move through the medium. Conversion of the count rate to a flux for both entrics allows us to derive g flux
correctcd for absorption. The columa density of neutral hydrogen measured at the position of each source was uscd. The resuliy
are shown in Table 2. Examination of Tablc 2, which is ordered by flux (proportional to gas density), shows that there ig no
diffcrence in gas density of cnvironment between galaxies and unidentificd sources. The mean values are identical ( L1x101
and clearly do not support the hypothesis that the sources are primarily stripped material. After four more cluster ficldy are
analyzed in a similar fashion, each sample (those identified with galaxies and those with no counterpart) should haye
approximately 50 - 100 entries making statistical studies an important diagnostic in identifying the sources. Deep optica)
imaging at a large telescope, will also provide answers to some of the questions surrounding these mystcrious, and fzmcimning
objects.
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THE EFFECT OF A CLUSTER POTENTIAL ON THE STAR FORMATION
AND MORPHOLOGY OF A DISK GALAXY

Joel Haugen*
Dcpartment of Physics, University of North Dakota
Grand Forks, ND 58203

1. INTRODUCTION

A galaxy is a huge, gravitationally bound conglomeration of stars and gas. Galaxies arc dispersed throughout the
gniverse in groupings called clusters. These clusters have a gravitational influence on ncarby objects. Einstein proved that
light can be bent by the gravity of massive objects. This is known as gravitational lensing because the gravity of the object
pends and focuses the light, much as a glass lens does. A cluster of galaxics has enough mass within it to do this to light from
amore distant galaxy or star. Bascd on this lensing phenomenon, astronomers can calculate the mass of the cluster of galaxics
and derive a mass distribution equation for the cluster. This mass distribution equation gives thc mass of the cluster within a
certain radius from the center as if the mass of the cluster were uniform in space, and this mass gives a gravitational potential
that acts on other galaxies. The mass distribution model for gravitational lensing is typical of the period of galaxy evolution,
z=0.2 (1). Most of the galaxies are seen to have undergone evolution at this time period, which is about 5 billion years ago.

There are three main mechanisms by which galaxies are believed to evolve: interactions and mergers of individual
galaxies, pressure from the surrounding interstellar medium, and tidal effects of the cluster potential. Individual galaxics that
move through space merge together or have an influence on other close galaxies, changing the shapes and other characteristics
of the galaxies. The interstellar medium is the gas and dust that is present in between the stars of a galaxy, in the space that
most believe is a pure vacuum. This gas and dust exert a pressure upon itself and other clouds of gas and also the stars in the
galaxies. There are also the tidal effects that clusters have on individual galaxies that are under the influence of the cluster.
Clusters influence not only the light coming from the galaxies, but also the stars and gas within the galaxy through the
strength of cluster’s gravity, which depends on the mass enclosed within the cluster. This effect is the same as the tidal cffcct
the moon has on the earth’s oceans. These tidal cffects will produce an increase in velocity of the orbiting gas clouds and stars
in the galaxy. This increase acts in both the radial and tangential directions, and depends on the cluster mass distribution. The
velocity increase will drive the clouds into collisions, increasing, in particular, the high-velocity collisions. The tidal cffects
will trigger collisions that will increase the expected level of star formation of the galaxy. Using the collisions of gas clouds as
a mechanism for star formation, it is shown that, under the influence of a cluster potential, there is an increase in the star
formation rate for a disk galaxy under the influence of a cluster potential.

The radial acceleration acts to stretch the galaxy, while tangential component tends to compress the galaxy. The magnitudces
of these components depend on the cluster mass model that is used. Different cluster mass models will produce different
accelerations. The results show a difference in morphology of the disk galaxy between the two mass models used: a standard
King model with core radius 250kpc and a King model derived from gravitational lensing with a core radius of 50kpc, wherc
1 pe, or parsec, is 3.262 light-years and 1 kpc, or kilo-parsec, is 3262 light-years. One light-year is the distance light travels
in one year and is equivalent to 9.46x10"2 kilometers or 5.82 trillion miles.

IT. METHODS AND MATERIALS

There are two main types of code used to perform N-body galaxy simulations: tree and mesh. In a general sense, mesh
type codes are faster than the tree type, but they lack resolution near the center of the galaxy. What the mesh code does is (o
load the galaxy and the perturber (in this case, a cluster) into a Cartesian mesh, or rectangular or square grid. While this gives
enough resolution near the edge of the galaxy and the area near the perturber, it lacks resolution near the center of the galaxy,
Wwhere stars and gas clouds are packed close together. The code used in these simulations uses a polar-coordinate grid to load
the galaxy and the perturber, which maintains the speed advantage over the tree code, while giving the wanted resolution near
the center.

_ In the radial direction, the grid is spaced exponentially, increasing in resolution from edge to center, which is where the
highest resolution is desired. In the angular direction, the grid is divided up into equal sections, each being 10 degrees. In this
Way, each bin created has an almost rectangular shape. The stars and gas clouds are loaded into these bins and are allowed (o
orbit the center of the galaxy, giving it a sense of rotation.
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Each of the particles in the galaxy is moved by interpolating the forces acting on it from the 9 nearby bins, The Jag
particle loaded into the grid is the perturber. The galaxy is modeled with self-gravity, thus the gravitational potential y each
bin of the grid is calculated, along with the potential of the perturber and the halo component of the galaxy. In the Potentiy)
calculation for the perturber, it is treated as an extended mass distribution. The center of mass of the system is helq ﬁxc(d
during all of the simulations, while both the perturber and the galaxy are able to move.

Two different mass distribution functions were used during the simulations: a standard King model with a core ragjyg of
250kpc, and a King modcl derived from gravitational lensing that has a core radius of S0kpc. Each model was normalizeg S0
that the mass within the cluster at a radius of 20 core radii from the center was cqual to 1. This mass was then used iy the
calculation of the potential from the cluster. The scale factor in the program is arbitrary, so a scale of 4.158kpc per grig uni(
was adopted. The size of the galaxy is nominally 20kpc in radius, and the galaxy is started at a distance of 250kpc away from
the center of the galaxy with no initial velocity. In the calculation of the potential from the cluster, the distance betwee the
two centers is calculated, and this is converted to core radii by the following equation:

d

cent

!

X =
.core

where r___ is the size of the core radius in kilo-parsecs and d_ is the distance between the center of the cluster and the
center of the galaxy, also in kilo-parsecs.

This number of core radii, designated x in the following equation, then gives the mass of the cluster in solar masses,
This is normalized and then used in the calculation for the potential of the halo. The mass distribution equation for the
gravitational lens model, with core radius of 50kpc, and the standard King model, with core radius of 250kpc, is (2):

M =03716-In(x + 1+ x% )+ ——2—
1+ x? .
The equation for both the mass distributions is the same due to the same normalization, but the models differ significantly
in the size of their core radii.

The program did account for gas cloud collisions, which is assumed to be the only action that drives the star formation,
but it did not check to see if any of the clouds formed stars upon colliding. Initially, neutral hydrogen clouds were investigated,
with a desire to put in giant molecular clouds at a later time. The clouds already had a velocity dispersion that can be
controlled by the Toomre Q factor, which is a parameter whose value determines the stability of the rotating galactic disk (3).
A Q factor was chosen so that the disk was stable. A typical radius of 10 pc was used for the neutral hydrogen cloud, with a
number density n,,, = 30 cm?, and a mass of 280 solar masses.

The positions of the clouds were checked against those of the others. If a collision occurred, isothermal shock
conditions were applied and the Jeans critcrion was checked. The Jeans criterion is an application of the virial theorem. It
gives a critical mass for a gravitationally bound cloud such that, if the mass of the cloud exceeds this critical mass, the cloud
will eventually collapse under its own gravity. If all conditions are met, then each cloud is assumed to form a star. The Jeans
equation is:

n
M, = 10,/—-—,_

where p is the density, ¢ is the sound speed, and G is the gravitational constant. Using typical interstellar parameters,
this equation becomes (4):

Jn

where c,, is the sound speed in units of 10 km s, and n is the number density of the cloud. This equation gives the
critical mass in solar masses, or multiples of the sun’s mass. The sound speed was calculated using an isothermal sound speed
equation:

M, =12x10°

T,

u

10000

where T, is the upstream gas temperature in Kelvin. Upstream applies to the cloud before the shock front has passed through

C=
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it, while downstream applies to after the shock front has passed. This was then used to calculate the Mach number according
o the formula:

wherc vel,, _is the relative upstream velocity of the clouds, and ¢ is the sound speed. This gives a mcasurc of the relative speed
of the douds with respect to the focal sound specd. The Mach number is used to find the downstrcam density of the clouds. or
he density after the shock wave has passed through them:

p.l = pu : M~

Because an isothermal cquation was used, there was no limit on the amount of compression that occurred in the cloud.
In the cquation, p, is the downstream density while p is the upstream density. Higher compression leads to lower critical mass
for ncutral hydrogen clouds.

A similar formula was uscd for giant molecular clouds or GMCs. If the Jeans equation is used to calculate the critical
mass for a giant molccular cloud, one sces that the mass of the cloud is alrcady greater than the critical mass, inferring that (he
cloud should collapse. However, obscrvations of the clouds point to the fuct that they do not collapse. Thus, there must be
some other support mechanism for the cloud. This support is given by the galactic magnetic ficld. The ficld permcates the
whole galaxy and is constant throughout the cloud. The equation for GMCs is not the same as the equation for neutral
hydrogen due to the magnetic field support of a GMC against gravitational collapse, which slows or even halts its collapsc:

B?
27
M, =873x10"-—5
d
where B is the strength of the magnetic field, nominally 20x10 Gauss, and p, is again the downstream number density. Only
a few parameters needed to be changed for the GMC simulations. The radius of each cloud was changed to 40 pc and the
density to 70 cm?, each a typical value. In the case of GMCs, an increase in compression also leads to a lower critical mass.
The galactic magnetic field does not really affect the hydrogen clouds due to their electrical neutrality.

III. RESULTS AND DISCUSSION

Plots of the galaxy’s shape were done at six different distances (all in kpc): 250, 200, 150, 100, 50, and 5~10. Thesc
were done for the both the lens cluster model, and for the King model.

The initial loading of the galaxy is circular and has a radius of approximatcly 20kpc, our nominal radius. This, and
subsequent plots, are of the old stars in the galaxy, that is, the ones that were loaded at the start of the simulation. The plots
show that, as the galaxy and the cluster approach each other, the shape of the galaxy changes drastically in both the x and y
directions. Not only is the galaxy stretched in one direction, it is compressed in another and some of the stars are “pushed”
away from the rest, scattering out behind the galaxy as it moves closer. The King modcl shows less shape change than does the
lens model. To make a quantitative analysis of the shape change for either model, the major and minor axes of the galaxy wcre
measured and the eccentricity of the galaxy was calculated. The galaxy initially starts with a circular shape with eccentricity
of 0. As the galaxy follows its orbit, its shape changes to a more clliptical shape. This effect is noted by the change in the major
and minor axes lengths and in the eccentricity seen in the following table. Tablc 1 shows the major and minor axes of the
galaxy at different distances, models, and mass ratios. For the unperturbed galaxy, its shape will always be circular and have
an eccentricity of 0, while an ellipse has an eccentricity ranging from 0 to 1. The greater the eccentricity, the more the galaxy
is elliptical in shape and the more it has changed shape during its orbit.
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mass dist model b a e model b a e Tuable 1

10 200 lens 8.6 86 000 King 8 8.5 0.34 Column 1 is the cluster-to-disk mass ragjg
10 150 lens 8.5 87 021 King 89 9.1 021 Column 2 is the distance from the cener
10 100 lens 86 92 036 King 9 92 021 galaxy (o the center of the cluster

10 50 lens 89 92 025 King 9.0 93 021 Columns 3 and 7 are the types of mass distribugy,
10 5 lens 992 021 King 9.1 9.2 0.15 Colurxl:lllzlf?&;?fégzllt:(:c:::‘:]-minor' ‘
1000 200 lens 84 84 000 King 82 83  0.15 AXCS. The

) minor axis is the length of the Minimyy,
1000 150 lens 7.5 7.8 027 King 69 8 0.51 dimension of the galaxy, and the sem;

f the

1000 100 lens 7 79 046 King 7.8 82 0.3l axis is half that length hinor
1000 50 lens 6.8 8 0.53 King 74 7.7 0.28 Columns 5 and 8 arc the semi-major axcs, The
1000 14 lens 48 7.7 078 King 74 74 0.00 major axis is the length of the maximypy,
10000 200 lens 8.1 82 0.6 King 7.7 87 047 dimension of the galaxy, and the semi-major
10000 150 dens 7 85 057 King 7.1 83  0.52 axis is half’ that length

10000 100 lens 5 81 079 King 69 8 051 Columns 6 and 9 are lhccgccnlricilics, calculated
10000 50 lens 45 7 077 King 76 82 038 by the standard cquation

10000 5 lens 5 8 078 King 7.6 7.8 0.22
100000 200 lens 82 83 0.15 King 83 84 0.15
100000 150 lens 6.1 8.2 0.67 King 8.1 8.3 0.22
100000 100 lens 5.8 8.7 0.75 King 84 84 0.00
100000 50 lens 4.7 8.1 0.81 King 82 8.7 0.33
100000 5 lens — — — King 7.8 83 0.34

The King cluster model affects the galaxy in a lesser manner due to its larger core radius. Not as much mass is within the
distance from the galaxy center to the cluster center for the King model as compared to the lens model. Hence, there is not as
much gravitational influence from the King model compared to the lens model. Cluster-to-disk mass ratios also play a role in
the morphology changes of the galaxy. With a larger mass ratio, one notices a drastic difference in the changc of the major and
minor axes for each of the runs. The galaxy becomes far more elliptical with an increase in the cluster-to-disk mass ratio for
the lens model. For a cluster-to-disk mass ratio of 1000, at a distance of 150kpc, the eccentricity is 0.27 for the lens model, and
0.51 for the King model. For a cluster-to-disk mass ratio of 10000 at the same distance, the lens model eccentricity is 0.57, and
0.52 for the King modecl. Note the lesser change in the eccentricity for the King model, while at the same time there a doubling
in the eccentricity for the lens model.

With the higher mass ratio, the galaxy follows its orbit at a faster rate. The cluster is more massive than the galaxy and
the force of attraction it has on the galaxy becomes much greater, drawing it in at a faster rate. Because of the this, the galaxy
is under the influence of the cluster for a shorter period of time, and the tidal effects are less pronounced. For the King modcl
with mass ratio of 1000, it takes 234x10° years for it to reach 100kpc from the center of the cluster, assuming a time step of
1x109 years. For the same King model with a mass ratio of 10000, it only takes 78x 10° years. This time diffcrence can be notcd
in the difference of shape between the two simulations. On the other hand, with a mass ratio of 10, it takes the galaxy over
1x10° years to reach 100kpc from the cluster center, regardless of the mass model. Contrary to increasing the cluster-to-disk
mass ratio, increasing the number of particles did not change the time it took for the galaxy to reach the center of the cluster.
With the assumption of 1x10°years per time step, the galaxy took the same amount of time to reach the center for both the
100000 particle case and the 60000 particle case for a mass ratio of 100000.

The data shows that star formation also increases as the cluster-to-disk mass ratio increases. For a ratio of 10000, star
formation began at 150kpc from the cluster center. In the time to go from 150kpc to 4.15kpc, 350 stars were formed from 897
collisions, giving an efficiency of 19.5% and a formation rate of 14 stars/10° years. For a ratio of 1000(X), formation began at
184kpc, and, in the time to go from there to 37kpc, 404 stars formed from 569 collisions, giving an efficiency of 35.5% and a
formation rate of 36 stars/10° years. Each of these simulations was done with 60000 particles and a (.2 gas-to-total particle
ratio. If one increases the mass ratio, there are fewer collisions, but more stars form, increasing the cfficiency of the collisions
to form collapsed clouds. Tablc 2 summarizes this data:
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fmass f_gas particles stars collisions efficiency  time steps  rate(per Myr) cloud type
10000 0.2 60000 350 897 19.51% 24 14.58 HI
10000  v.> 60000 738 2033 18.15% 24 30.75 HI
100000 0.2 60000 404 569 35.50% 11 36.73 HI
100000 0.2 100000 992 1474 33.65% 12 82.67 HI
100000 0.3 60000 840 1245 33.73% 13 64.62 HI
10000 0.2 60000 4088 13657 14.97% 88 46.45 GMC
10000 0.3 60000 7140 27339 13.06% 88 81.14 GMC
100000 0.2 60000 2642 4603 28.70% 27 97.85 GMC
100000 0.2 100000 5712 11649 24.52% 27 211.56 GMC
100000 0.3 60000 4934 9506 25.95% 27 182.74 GMC
Tuble 2

Column 1 is the cluster-to-disk mass ratio

Column 2 is the gas-to-total particle ratio

Column 3 is the total number of particles used

Column 4 is the number of clouds that collapsed from the onset of star formation until the end
of the simulation. The collapsed clouds are assumed to form stars.

Column 5 is the number of collisions that occurred from the onset of star formation until the
end of the simulation

Column 6 is the efficiency of the process, calculated by dividing the number of clouds collapsed
by twice the number of collisions, which is the possible number of collapsed clouds.

Column 7 is the number of time steps during which star formation occurred

Column 8 is the formation rate per 1x10° years

Column 9 is the type of gas cloud used in that run

From the data, a definite increase in the predicted star formation rate occurs for a disk galaxy under the influence of a
cluster. For the Milky Way, our own galaxy, the rate is about 1 solar mass per year. The mass of the ncutral hydrogen clouds
is assumed to be 280 solar masses. For the run with cluster-to-disk mass ratio of 10000 and gas-to-total particle ratio of ().2,
the rate is (.03 solar masses per year. For the analogous run for GMCs, which have a range of masses, extending from 1x1(?
solar masses up to 1x10° solar masses, the rate is 4.6 solar masses per year.

A change in the gas fraction, all other parameters the same, led to a change in the efficiency and formation ratc. An
increase in the gas fraction for the run with mass ratio of 10000 with 60000 particles led to a minimal decrease in the efficicncy
of the process, while also producing an increase in the formation rate by more than doubling the it, again assuming a 1x10°¢
time step.

All of the previous results were taken from runs that used peutral hydrogen clouds as the gas component of the galaxy,
with the lens model of the cluster. The use of giant molecular clouds Icads to similar conclusions. Again note the runs in
which the cluster-to-disk mass ratio was 10000 and the number of particles was (+'000. Comparing the runs for gas-to-(otal
particle ratios of 0.2 and 0.3, there was a minimal decrease in the efficiency of the process for the 0.3 run compared to the 0.2
run, while the doubling of the rate was again seen. However, one can see where the conclusions for the neutral hydrogen runs
do not hold for similar runs for GMCs. For GMCs, as one increases the mass ratio, there is not an increase in stars formed, but
father a decrease in the number of stars formed, along with a decrease in collisions. This decrease in star formation paircd
with the decrease in collisions led to a higher efficiency for the run with cluster-to-disk mass ratio of 100000 than for the run
with a ratio 10000, while the doubling of the formation rate is still evident.

IV. Concrusions
The data on the morphology and the star formation rates leads to many different conclusions about the cffect of the
Cluster mass distribution on the morphology and star formation rate for a disk galaxy on a radial orbit of the cluster.

An increase in the mass of the perturbing cluster leads to an increase in the star formation ratc for a disk galaxy. This is
due to the tidal effects of the cluster and the change in velocity imparted to the orbiting gas clouds in the disk. The gravitational
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lens cluster model, which is typical of the epoch of galaxy evolution, z=0.2, produces an increase in the star formatior, rate
a disk galaxy on a radial orbit in comparison to an unperturbed galaxy. At the z=0.2 epoch, sub-clusters within the Clusier q:cr
merging and forming a greater mass. A factor of 10 increase in the mass ratio produced an order of 2 increase in fhe %(l
formation rate. r

An increase in the number of particles used in the simulation does not necessarily lead to changes in efficiency of the
process, nor docs it lead to changes in the star formation rate.

A change in the model used for the mass distribution of the cluster produces a noticcable change in the shape of the
galaxy. The King model docs not distort the shape of the galaxy as much as the modcl derived from gravitational lensing dogs
An increase in the cluster-to-disk mass ratio also leads to a lesser change in the shape of the galaxy. An isolated galaxy kcc[;;
its circular shape throughout the simulation. A cluster-to-disk mass ratio of 10 is too small (o produce gross tidal effects iy, lh.c
shape of the galaxy, while ratios of 1000,10000, and 100000 all produce noticeable cffects. However, for the simulationg thyt
have the cluster-to-disk mass ratios of 10000 and 100000, the galaxy follows its orbit at a faster rate so that the tidal cffects yy,
not as pronounced as in the simulations where the cluster-to-disk mass ratio was 1000. Also, the galaxy is under the influenee
of the galaxy for lcss time than the run with cluster-to-disk mass ratio of 1000. Thus, an initial change in shape is noted, whil
no change in shape is seen aficr that because it is falling in at a faster rate.

Much future work can be donc in this area of galaxy evolution. More realistic models for the collapsc of the gas
clouds could be included, along with other types of cluster mass distributions. The effect of supermnova remnants on sty
formation and the effect of the newly formed stars should also be included to make the simulation more realistic. The number
of stars formed from a gas cloud is another important factor to be considered. The masses of the clouds are much greater thay
the mass of the sun, so many stars could possibly form from the collapse of a single cloud. The types of stars formed when 3
gas cloud collapses is also very important consideration. If the stars formed go quickly to supernova status, this will also
change the star formation environment. Energy from the supernovae can enbance the star formation or increase the temperature
of the gas to a point where it is more resistant to gravitational collapse. The initial mass function (IMF) of the newly formed
stars needs to be put in to take into account the type of star formed. Experimental data nceds to be compared to the predictions
of the model. The shape of the galaxy at a certain radius will be key is dctermining the validity of the current simulations,
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One of the outstanding unresolved problems in physics is the dynamics of spiral galaxies. In particular, we are left with
the following choice: Either matter in the outer regions of these galaxies fails to obey Newton’s (and therefore Einstein’s) laws,
or the galaxy is composed primarily of invisible, or dark, matter. Either of these solutions has associated problems, and this
article will discuss the situation as it stands today, and offer a classification scheme.

(*) e-mail rhammond@ plains.nodak.edu

I. INTRODUCTION

Spiral galaxies are generally made up of three components: The central bulge or spheroidal component, the disk, and the
halo. The bulge is characterized by older stars that have an intensity profile which may be described by I =1, exp(-kr'#}. The
stars in this region are not in uniform motion about any point, and the bulge for many spirals may be small or negligiblc. The
disk region is characterized by an intensity profile of the form I =1 exp(-t/r, .} where length r, is typically between 1 and 5 kpc.
A useful measure of the optical size of the galaxy is the Holmberg radius, which corresponds to a radius at which the intensity
is 25.6 mag arcsec?, which is between one and two percent of the background brightness. Since the 1970’s, there has been a
steady increase in the number of measurements made beyond the Holmberg radius. In this region, the most notablc
measurements come from the 21 cm radiation of neutral hydrogen. Measurements far beyond the Holmberg radius have shown
.that the hydrogen is in orbit around the galaxy, and that the velocity is independent of the radius. This was unexpected becausc,
in this region, most of the mass of the galaxy is contained within the visible portion of the galaxy, and therefore, from Newton's
law, one has v2 = GM/r where M is the mass of the galaxy. Thus, one expects the rotation curve (v vs. r) to show a

1/y/r dependence for large r, but it does not. Instead, the rotation curves are flat or nearly flat, and virtually none shows the

“expected” 177 form. These flat (or nearly flat) rotation curves have led to the assumption of a ‘dark halo.” Dark matter is

assumed to act gravitationally like any other matter, but remain invisible by direct measurement. For example, if one assumes
that there is dark matter which may be described by a density T, = C/t in the outer portion of the galaxy, then the application
of Newton’s law for circular orbits shows that v = constant. In order to avoid the singularity at the origin, one also uses a form
’g.t = C/(r + a)* where a is a constant. With a = 0, the mass density is that of an isothermal sphere, although in the literature
either of these forms is sometimes referred to as the isothermal sphere. Details about galactic structure can be found in Binney
and Tremaine, !

Thus, the introduction of dark matter solves the flat rotation curve problem, but raises new questions, like “what is dark
Matter?” There is an intense theoretical effort underway to answer this question, so the reader is referred to the literature.? There
are two other important aspects of dark matter. One is that the total amount of dark matter is typically between 1 and 10 times
m:r:bSefved mass of the galaxy. Thus the majority of the mass of the universe may be invisible to us. Th; other point is that the

existence of dark matter is not enough: It must also yield flat rotation curves. In other words, the density of dark matter
35 to be adjusted so that flat rotation curves result. In all cases, the dark matter has a different distribution than that of the visiblc

alter, and a scale length larger than that of the ordinary matter. Because of this, the dark matter is belicved to form a halo
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around the galaxy. Thus, the amount and distribution of dark matter must balance against the visible matter in just the rj

proportion in order to yicld a flat rotation curvce. This cffcct is sometimes referred to as the disk-halo conspiracy. sh
The past two decades have harbored a continually burgeoning obscrvational and theorctical interest in this subjecy, In g

following, an introduction to the litcrature is presented. ’ e

II. LIGHT ON DARK MATTER

The existence of dark matter had been postulated long ago,? but the use of dark matter to account for flat rotation Curveg
was first postulated by Freeman in 1970,* and since that there has been considerable observational evidence of [Tyt otation
curves.’ By the 1980%s, the reality of dark matter in spiral galaxics scems to have been adopted by most astronomers, ang
attention turncd to more specific and detailed propertics of the dark matter and rotation curves.

Although the use of dark matter has provided explanations for all observed rotation curves, there is not univeryy|
acceptance of its cxistence. For onc thing, there is little direct evidence of its existence. Recent evidence for the existence of
massive compact halo objects (MACHOSs) comes from the microlensing effect.* More recent work indicates that the halo consigyg
of other objccts in addition to MACHOs.” The next problein is that the mere existence of dark matter does not explain why the
rotation curvcs arc flat. A further assumption rclating to its distribution must also be made (the disk-halo conspiracy). In lacy,
in all cases, the dark matter must have a scalc length much greater than the visiblc matter. This is unscttling because it is algo
assumed that, from a gravitational view, dark matter behaves no differently than the visible matter. If so, then why does dark
matter have a different distribution? Another nagging question is this: If the vast majority of the universe is madc of dark matier,
and we develop all our physical laws on visible matter, then what are the chances that we have the correct Laws of Nature whep
they are derived by viewing a small and special kind of matter? Finally, the laws of physics, especially those of gravitation, have
been subjected to independent tests only on the scale of our solar system or smaller. At galactic distances and greater, we may
be secing the beginning of the breakdown of our theorics. This thought has opened the door to alternative or modified theories
of gravity. .

When researchers present data to show the existence of dark matter and to refute alternate gravity theories, they sometimes
start off with the phrase “we would like to dispense with the ad ioc modifications to the thcory of gravity” while those supporting
alternate gravity counter with “we would like to dispense with the ad hoc introduction of invisible matter.” The first modem
theory that was specifically concocted to zcount for the rotation curves without dark matter is the Milgrom hypothesis, which
is often referrcd to as MOND (MOdified Newtonian Dynamics).2 This approach generalizes the equation F = ma to F= (x)ina
where x = a/a, wherc a is the acceleration and a_ is the critical parameter. Here, (x) is an adjustable function that goes to unity
for large x and to x for small x. This was put on a firmer theoretical foundation by Bekenstcin.? Later, for a sample 10 galaxics,
Begeman et. al. conclude that MOND gives the best fit to the rotation curves— as good as the three-paramcter dark halo modcls,
but more efficient (in that there are less free parameters).'® However, recent evidence challenges this result. In 1986 Sanders
considered the use of amodified potential (but keeping F = ma) by generalizing the Ncwtonian potential to a Yukawa potential."
He found that rotation curves could be matched by using a repulsive finite range vector force, from which the name FLAG (Finite
Length Anti-Gravity) was suggested. Sanders later conceded that FLAG cannot account for all of the rotation curves.'? Dubal
et. al.”* also argued that neither FLAG nor a logarithmic potential term introduced by Kuhn and Kruglyak' can account for the
rotation curves. However, in 1993 Eckhardt used two Yukawa potentials, one attractive and one repulsive, to account for the
observed rotation curves.' One argument somctimes put forward against alternate gravity theorics is the unnatural invention
of extra forces. However, a theory of gravity that predicts an attractive and repulsive finite range force, with the correct equations
of motion, had already been proposed.'® In this work, however, attention was focused on the gauge invarient case, in which the
bosons acquirc zero mass. In a separate devclopment, there has been a long standing intercst in conformally invaricnt
gravitational theory. In the higher derivative theory of Mannheim and Kazanis, a constant potential is predicted from the
equations of motion.'” The resulting quark-like force can also account for the rotation curves of spiral galaxies.

The above shows that there are many possible explanations of the rotation curves of spiral galaxies, but there are morc!
Battaner et. al. argue that galactic magnetic ficlds can account for the rotation curves.' They show that a partially ionized gas
in a 6uG magnetic field would give the requircd forces to produce a (nearly) flat rotation curve. Persic and Salucci counter with
the argument that this effect fails for galaxy pairs.'

As a final note, we realize that the actual dynamics may include several of the above phenomena, such as dark matter and
amodificd gravitational theory. One may also conclude that the rotation curve of any galaxy can be very well described by any
one of many approaches, as the above literature attests to. For this reason, we attempt to quantify overall trends or scaling
behavior of galaxics. In the following, it is assumed that Newtonian gravity holds, and the origin of the flat rotation curves ariscs
from the existence of dark matter.
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[Il. COMMON CURVES

Typical rotation curves are shown in Fig 1. Fig. la is the most famous, or well known, rotation curve for NGC 3198.
Galactic rotation curves of this shape will he referred to as flat.

Fig. 1b shows another common shape and is referred to as rising, and finally Fig. 1¢ displays another common shape
which will be called dipped.

1Ty | 20 Lo

0 »* (LN sgasqsote y » . o

o g f bl 5150 }'} 30— i I

e 1] £ I Eofdt

£ N0 < 100 < w01

> 1 > T

s 5 50 3 100}

- T S LT S
o0 3 6 9 12 0 4 8 12 16 0 8 16 4 X

distance (kpc} distance (kpc) distance {kpc)

Figure 1a, 1b and 1c. The velocity vs. distance for flat, rising, and dipped galaxies.

It has been demonstrated that any of these shapes can be fit by theoretical models. The origin of these shapes arises from
the relative density scales of the two different types of matter. In the ‘rising’ category, the density scales are closest, whereas in
the flat curves he dark matter density is, essentially, further away from the galactic center. The *dipped’ galaxies represent the
case wherc the dark matter is furthest out. In this view, the downward part of the dip is understood as the beginning of the
Keplerian fall off, and then as the distance increases, the region of dark matter is entered, producing the rise.

There are various distributions of dark matter that can give rise to a single shape. Thus, a singlc galactic rotation curve
is not enough to specify the distribution of dark matter. Worse, it is also possible to fit rotation curves without dark mattcr at
all, but instcad with an alternate gravitational theory, as described above. To make matters even more nchulous, diffcrent
alternate theories can also yicld the same galactic rotation curve.

For these reasons it seems useful to look for common features of many rotation curves taken together. Instead of trying
tofita theory or mass distribution to a single galaxy, we look for common features to all galaxics. With this mind, we show somc
simple scaling behavior in the following figures. The galaxies used in the following plots are: For the flat galaxies, G105,
G2815, G3054, G3145, G3198, G4800, G7083, G7171, G7537, N3672, U11810, U12810. For the rising galaxies, G1325,
G1620, G2708, G3223, N1035, N2742, N4062, N4605, N4682. For the dipped galaxies, G1417, G3200, N1421, N2715,
G7606, N7664. The data for galaxies is taken from Rubin et. al.?°

To exhibit the scaling, Fig. 2 represents a graph for each type using the galaxies named above. Each galaxy is assigned
an numerical factor, o, chosen so that the graphs match. In particular, for the given galaxy the velocity at each distance is
multiplied by o. Each galaxy is assigned its own o, but only one o per galaxy. Typical values range from o= 0:5 to o= 2. The
fact that a single parameter can be used to make two different galaxies look the same, which is shown in these figures, is not
Obvious from theoretical grounds. For example, in many galactic rotation curves, there are threc parameters used to make the

data match the theory. The fact that a single o factor can make different galaxies match seems to point to some underlying
universal phenomenon.
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Figure 2. Alpha normalized rotation curves for flat, rising, and dippcd galaxies.

The simple scaling behavior may be viewed as another version of the disk-halo conspiracy. There is no reason ‘a priori’
that this scaling should hold. If the underlying reason is dark matter, then this scaling is a reflection of the fact that the dark
matter distribution has a different scale length than visible matter, and that the maximum rotational velocities, obtained from
either the visible matter alone or the dark matter alone, are about equal. If the explanation lies in an alternate theory of gravity,
then this implies that there is a scale parameter in the theory that is of galactic dimension.
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Figure 3. Period vs. radius with b factor for 27 galaxies.

In the above, the a factor was chosen by eye to make the curves match. A less subjective means can be achieved by
considering the period curves. The period of a star in a circular orbit is T = 2nr/v. Because v is nearly constant over most of th
region, it is seen that this equation will yield a straight line. The deviations from the straight line occur principally for small 1.
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In Fig. 3, these curves are made for those used in Fig. 2a. The quantity T/ is plotted against r and now B is chosen so that all
the graphs have the same slope. Thus, the B factor is roughly the same as the o factor, but now there is a more objective way
o choose it.

Iv.SUMMARY

Although dark matter is the favored explanation for the shape of the rotation curve, there is also theoretical evidence that
these rotation curves really point o an alternate, or modificd theory of gravity. The correct solution of the rotation curve
conundrum may invoke both dark matter and alternate gravity. In order to classify some of the known information about rotation
curves, we developed three categorics which are catled, rising, dipped, and flat. Itis also shown that, within these catcgorics the
rotation curves differ by an overall scaling factor, o, which is pictured in Fig. 2. A morc objective way to obtain the scaling factor
is developed which considers the period vs. distance. This method is shown in Fig. 3.

The scaling factor we have emphasized is a quantitative means of comparing many different galaxics within a given class
(flat, rising, or dipped). Any individual rotation curve can be adequately described by a judicious choice of paramcters for dark
matter, and most can be so described by a good scale choice in alternate gravity theorics. The challenge is no longer to explain
em how the rotation curves are flat— the challenge is to explain why they are flat. Neither the dark matter invocation nor the
alternate gravity approach offers much explanation. The scaling equivalence described above may shed new light on a dark
problem
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THE NORTH DAKOTA SPACE GRANT PROGRAM AND ASTRONOMICAL
RESEARCH AT THE DEPARTMENT OF SPACE STUDIES, UNIVERSITY OF NORTH DAKOTA

Steven H. Williams
Departinent of Space Studics
University of North Dukota

I. Introduction

The Department of Space Studics at the University of North Dakota administers the North Dakota part of the Nationy
Space Grant Program for the benefit of all citizens of the state. Educational materials distribution, scholarships and f cllowshipS
grants for educational activitics, and other support of (scicnce) cducation are all part of our mission. Two of the inilizuivc;
started by thc NDSGP that arc using astronomical rescarch capabilities to advance student Icarning are the focus of this
presentation: (he creation of the Planctary Science Observatory (Figure 1) and SPACE.EDU, a new and innovative way for
distance students to take a Masters program in Space Studics from their homes. Both are undergoing an ongoing developmeny,
at least in part with Spacc Grant support, and offer both significant improvements in short-term cducational delivery and,
more importantly, we plan to combinc them so that their joined capabilities exceed their sum calculated separately.

IL. The Planetary Science Observatory (PSO)

The UND Department of Spacc Studies presently operates a NGT 18" Newtonian telescope (Figure 2) in a domed
observatory near Emarado, ND, about 14 miles from campus. A SBIG ST-6 CCD camera is used for imaging. The ligh
gathering and recording power of thc CCD potentially allows students to conduct meaningful research on projects that are
significant, yet are too numerous to attract the attention of limited professional astronomy research. A few students have
conducted individual research projects as part of their Space Studies curriculum, using the telescope to derive asteroid light
curves (hence, rotation rates), light curves of variable stars, and search for extragalactic supermovae, and all students arc
greatly attracted by the prospect of being able to acquire and process images that have an impressive visual impact (Figure 3),
Space Grant funding also allowed the author to participate in a NSF-funded program (Research Techniques for Undergraduate
Faculty for Small Observatories; administercd by Harvard’s Center for Astrophysics) specifically designed to provide instruction
on how to incorporate astronomical observations made by CCD-equipped students into undergraduate astronomical curricula.

III. SPACE.EDU

SPACE.EDU was established a year ago to provide a mechanism for the non-traditional student to obtain a Masters
degree in Space Studies remotely; only a short summertime visit to the UND campus is required. This mode of education
delivery is ideally suited to our unique program (the only one like it in the United States) and to our unique body of distance
students, most of whom are presently employed as military officers or in some professional capacity in a space-related industry.
Our program allows them to advance their educations without unduly burdening either professional or family life. Our typical
student is older than the average campus student, and brings to the learning environment a mature perspective and level of
professional experience. Our younger students benefit greatly from thcir exposure to such st?dent cohorts, and the quality of
instruction, both on and off-campus, has increased accordingly. We now have ~180 distance students and have becomc (he
largest graduate department on campus.

The method of instructional delivery for the typical SPACE.EDU class combines the use of videotaped lectures (campus
classes are taped in a professional studio the semester prior to offering the class on SPACE.EDU), textbook and related
materials, and an interactive weekly chat session on the Internet. The latter feature is essential to the quality of our program.
The distance student is exposed to most everything a campus student sees and does in the classroom, uses the same text, and,
in addition, takes part in instructor-led group discussions. Exams are taken and homework, papers, etc. are collected on-line.
Feedback from the students, both in their written comments and in the form of continuously-increasing enroliment, has been
overwhelmingly positive. Partly as a consequence of establishing SPACE.EDU, the Department of Space Studies won the
McDermott award from the UND Foundation for Departmental Excellence in Teaching in February, 1996.

Most of the classes offcred on campus are presently offered via SPACE.EDU or will be in (he near future. We are also
exploring new partnerships with NASA centers (o provide educational seminars on the kinds of specialized expertise only
available at those centers that is in big dcmand with our students. This term, we were ablc to offer an 8-week seminar on
Telerobotics from the NASA Ames Research Center in California. By the end of the term, each student was able to control a
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rototype Mars roving vehicle from their computers at home. Eighty students, many of them new to our program, enrolled in
this first seminar, and we are aggressively pursuing additional collaborations with NASA centers in the future. We have
already been contacted by potential cimployers eager to discuss job opportunities with our students taking our program in
general and these seminars specifically.

IV. Growth Issues

The PSO can be a uscful tool for student education, but its utility is limited by several factors. First, the weather in North
Dakota makes astronomical observation difficult or impossible much of the year. Sccond, the equipment is difficult to usc (o
the point that student frustration becomes significant. Third, there is no way at present to incorporate the usc of the (clescope
in distance learning classes. Space Grant funds arc presently being expended to upgrade the facility to overcome thosc
difficulties.

The adverse effect of the local climate on observing cannot be climinated, but improvements are underway. The high
latitude of the observing site is a problem; it Icads to very harsh winter conditions under which the dome, slit, and telescope
hardwarc have a difficult time functioning properly. In the Summer, sunsets are late, sunrises early, and the Sun never gets
more than ~20° below the northern horizon. New observing equipment will not improve the weather, but we are presently
losing some nights of potential observations because of the marginality of the weather and the remotcness of the obscrving silc.

The NGT telescope was designed to deliver big aperture at relatively modest cost. As a consequence, the mounting and
drive of the scope are less advanced in design and construction than those of a more expensive instrument. Target acquisition
with the very narrow ficld of view of the ST-6 camera is a big problem. Although the mounting is equipped with electronic
setting circles, their accuracy is less than the CCD field. The recent addition of a flip mirror (a device that allows placing an
eyepiece or the CCD in the light path as desircd) has alleviated this problem somewhat. In any case, the weather, thc
remoteness of the observatory, and difficulties in using the equipment all conspire to reduce student willingness to use it.
Further, nothing about the present equipment allows its use by a distance student. Thc Department, therefore, has two necds:
in the short-term it would be nice to have a upgraded, more user-fricndly telescope and imaging system and in the long-run, a
telescope that is capable of fully remote operation, one that could be controlled by a distance student using the Internet as a
communication medium, is desirable.

V. Upgrades Underway

The Department of Space Studies has recently purchased a Mcade LX-200 16" telescope and has arranged for a ncw
shelter structure to be built adjacent to the present observatory site. The telescope has been delivered and the main portion of
the shelter structure has been crected at the time of writing; final construction and installation awaits the arrival of Spring.
The LX-200 should meet our short-term necds right away. Its pointing accuracy is sufficient to capture the desired object in
the CCD ficld first-time, every time. The simplified roll-off shelter roof will allow greater ease of operation in cold weather;
the present dome and slit often are affected by cold and drifting snow to the point they cannot operate, an inconvenience and
even dangerous on cold nights. The more-advanced model CCD that will be used with the new instrument has a built-in
provision for autoguiding that will make noisc-free long exposures possible. The present telescope will continue to be heavily
used for teaching and public outreach functions, but the new telescope will shoulder the departmental research activities.

The more exciting prospect offered by the equipment upgrade is that the LX-200 is amenable to remotely controlled
operation. Couple with that capability a remote control operation of the shelter roof and CCD camera, and you have equipment
capable of supporting our long range goal of providing a legitimate astronomical research opportunity to our distance learning
student. Our goal is for any of our students to be able to control the telescope (when it is their turn!) from anywhere on Earth
and to be able to download and process the resulting data, all from their desks at home or anywhere. We fecl that such
equipment would be both a powerful educational tool and would significantly expand our research opportunities and capabilitics.

We are encouraging our students to be prepared for research opportunitics with the new equipment that could lead to
Student publication of results. We are specifically going to be involved in the study of the light curves of eclipsing binaries and
other variable stars, continue the investigation of asteroid light curves, and embark on a systematic attempt (o discover new
asteroids, both Main Belt and Near Earth. If there is sufficient student interest, we will also conduct a standing patrol for
Cxtragalactic supernovae. Another benefit of the planned upgrade is that it provides an opportunity for innovative research
that is difficult to anticipate ahead of time, therefore, we fully expect the new equipment capability to inspire our students to
think of ways of using it in research avenues at present unanticipated.

More information about our unique academic program, our collaborations with NASA center on seminars, and about our
observatory facility can be obtained from our department homepage (http://www.space.cdu).
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COAL COMBUSTION BY-PRODUCT (CCB) USE IN NORTH DAKOTA

Oscar E. Manz*
Manz Associates, RR 1 Box 30, Alvarado, MN 56710

kevwords: high-volume flv ash concrete, flowable mixtures, roadbed stabilization, mineral wool

INTRODUCTION

The author is a professor emeritus in civil engincering from the University of North Dakota, where he taught from 1953
to 1989. He performed cxiensive testing and research for over 25 years, involving mainly lignite coal ash in portland cemeny
concrete, roadbed stabilization, flowable mixtures, mincral wool, ceramic products, and sulfur concrete. Much of the rescareh
involved actual in-the-field studics. The work reported in this paper consists of high-volume fly ash concrete, flowable mixturcs,
and roadbcd stabilization.

UTILIZATION OF FLY ASH IN ROADBED STABILIZATION

In contrast with pozzolanic bituminous fly ashes, the western American lignite and subbituminous fly ashes are both
pozzolanic and cementitious. By “western” fly ash, we mean ash produced from combustion of low-rank western coals mincd
in North Dakota, Wyoming, and Montana.

The pozzolanic properties of fly ash, which enablc it to react with lime to form cementitious products, have madc fly ash
a good-quality base or subbase course material when used with lime or cement to stabilize aggregates and soils, or when uscd
alone with lime or cement. Construction procedures utilize standard equipment and techniques for central mixing or mix-in-
place operations.

The American Society for Testing and Materials (ASTM) has developed a specification for the use of fly ash with lime
in lime—fly ash-soil aggregate mixtures (1). This specification (ASTM C593 — Fly Ash and Other Pozzolans for Use with Limc)
establishes minimum unconfined compressive strength and durability requirements for mixtures using coarse-grained soil.
These requirements are often specificd for projects where lime and fly ash are used to stabilize fine-grained soils. The
unconfined compressive strength criterion of 400 psi (2760 kPa) in 7 days under accelerated curing conditions has proven to
be quire acceptable, except that recommendations have been made for reducing this requirement to as low as 100 psi (690 kPa)
for subbase applications (2). In this procedure, a sample is held in vacuum for a specified time and then soaked. The unconfined
compressive strength at the end of this test has been shown to correlate very well with the strength of samples which have been
subjected to five or ten cycles of the freezing—thawing (but not brushed). The criterion specified for the strength at the end of
the test has been suggested as 400 psi (2760 kPa), which allows for essentially no loss of compressive strength between the start
and the end of the durability test. The advantage of the vacuum saturation test is that it dan be performed in about an hour,
whereas the standard durability test requires about 24 days to perform.

Road-building applications of lignite fly ash in North Dakota have resulted in the largest tonnage utilized to date. Poz-
o-pac road base mixtures, composed of %-inch maximum aggregate, fly ash, and lime have been used for several years in the
eastern half of the United States. In 1971, the first lignite fly ash-lime-aggregate base (poz-o-pac) was placed in North Dakota
near the site of the Basin Electric power plant, a few miles south of Stanton. Approximatcly 13% fly ash and 2% hydrated lime
were mixed with 85% aggregate and sufficient water o obtain maximum density.

So far, this paper has only dealt with fly ash, but a stabilized mine haul road study was conducted for the lignite mine
adjacent to the Coal Creek power plant, which also has bottom ash availablc. In addition to Coal Creek fly ash and bottom ash,
three mine spoil materials and a pit-run gravel were used in this study to explore possible mixes suitable for mine haul road
construction. The use of 100% Coal Creck fly ash produced an unusually high vacuum saturation strength of 1780 psi. A mix
with 25% fly ash, 37.5% bottom ash, and 37.5% pit-run gravel is equivalent to 100% fly ash.

In another test, the three ashes from the Beulah, North Dakota, site (gasification ash, scrubber ash, and bottom/
economizer ash) were used in the weight proportion in which they are generated at the Beulah plants. The test results exceeded
the 400 psi requirement for the vacuum saturation test.
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Conclusions

Because of variations in chemical and physical propertics, not all western fly ashes perform alike for stabilization.

Since there are marked differences in the gradation and clay content of the various existing gravel—clay roads, it is
jmportant (0 perform ASTM C593 vacuum saturation tests with varying amounts of fly ash and lime.

The moisture contents and mixing and curing sequences are very important when performing stabilization studics.

HIGH-VOLUME FLY ASH CONCRETE

In 1988, the North Dakota Mining and Mineral Resources Rescarch Institute reccived a grant from the Electric Power
Research Institute (o study the construction and potential environmental implications of high-volume low-rank coal fly ash
gtilization. The project was carried out at the Coal Creek Station, located near Falkirk, North Dakota.

The objcctive of the project was to demonstrate the usc of low-rank coal 1y ash as a high-volume replacement (70%:) for
portland cement in concrete and in controlled density flowable fill (CDFF) and to investigate any environmental cffects that
might result from these high-volume fly ash applications. To meet thesc objcctives, the project design included four major tasks:
1) Background Monitoring, which consisted primarily of physical, chemical, and Icaching characterization of the fly ash; 2)
Construction Monitoring, which included quality control monitoring of the fly ash during construction and monitoring of
concrete placement; 3) Environmental Monitoring of surface runoff, moisture in the saturated and unsaturated zone, and
groundwater by strategic placement of water quality monitoring instruments and leaching characterization of produced concrelc
and fill material; and 4) Postconstruction/Performance Monitoring for a period of 2 years following placement of the concrete
and fill.

Site preparation and concrete placement are discussed in detail clsewhere (3, 4), including mix designs, construction
procedures, and construction monitoring information too lengthy to be included in this publication. The concrete was batch-
mixed off-site and transported to the Coal Creck Station. Standard paving techniques were generally employed. During the
construction phase, the fly ash was monitored using ASTM tests.

During the summers of 1988 and 1989, approximately 25,000 square yards of 8-inch-thick concrete pavement, containing
1042 tons of fly ash, were poured at the Coal Creek Station for this project. The areas paved included several parking lots and
access roads at the station. During construction, a testing program was carried out to evaluate the physical propertics of the high-
cement replacement concrete. In addition to the paving work, several sections of pipe culvert were backfilled with CDFE.

A quality control program was performed during the construction phase of the project to monitor the concrete and CDFF
placement activities. The following information was collected for the quality control program:

+ Daily concrete pour data, including slump, air content, unit weight, pour volume, and sample collection information
* Subgrade compaction measurements

* Concrete aggregate gradation

+ Concrete unconfined compressive strength

* Concrete sulfate resistance

¢ Concrete freeze-thaw resistance

* Daily fly ash CDFF pour data

* Fly ash CDFF unconfined compressive strength

With a few exceptions, applicable specifications were met throughout the construction phase.

The slurry was designed to flow readily by gravity around the pipe culvert. The strength of the cured slurry was in the range
of 150 psi, which is high enough to support traffic but not so strong that it would be difficult to remove if the pipe should necd
repairs. The slurry was mixed and transported to the Coal Creek Station in ready-mix trucks.

The cubic yard mix consisted of 250 1b of Coal Creek fly ash, 25 Ib of portland cement, 3000 Ib of finc aggregate, and
sufficient water for required flow characteristics.

Background leachate evaluation of the Coal Creek fly ash was also performed prior to the construction phase of this
Project. The EPA EP-toxicity leaching procedure, which was the specified regulatory leaching procedure at the time of this
Project, and the ASTM leaching test procedure (D3987) were used to evaluate the leaching potential of the Coal Creck fly ash.
Leachates were analyzed for an extensive list of parameters, including those designated by the Resource Conscrvation and
Becovery Act (RCRA) (arsenic, barium, cadmium, chromium, lead, mercury, selenium, and silver), cationic and anionic spccics
Important to the understanding of mineralization of natural water (aluminum, calcium, iron, magnesium, potassium, silicon,
Sodium, and sulfate), and other trace elements of interest (copper, manganese, molybdenum, and zinc). Results of the leachatc
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analyses were compared to thc RCRA maximum contaminant levcls (MCL) and primary drinking water standards. The resulg
of leachates generated using thesc two procedures on two composite {ly ash samples, published in the interim report (3), indic,lls
that the Coal Creek fly ash leaches very low amounts of the elements analyzed. e

Conclusions

The low-rank coal fly ash used in this research project leached only very low concentrations of trace elements in laborator
leaching protocols and is considered nonhazardous according to regulatory standards set by RCRA. Analyses of leachates
runoff collected at the demonstration site also showed low concentrations of trace clements.

The performance of the concrete placed in this demonstration project has been satisfactory. Initial evaluation of this
demonstration has been very positive, and even in arcas of heavy traffic, the concrete has shown only very limited enginecring
faults.

and

MINERAL WOOL

Mineral wool is a fibrous product made from melted rock, glass, and slag for use as building, pipe, and sound insulation,
In the United States, the industry dates from 1870 when a plant, using slag as the principal raw material, was established i
Greenficld, New Jersey (5).

One of the most important parameters for slags in the production of mineral wool is the so-called acid/base ratio (6). This
has a great effect on the viscosity of the material. In general, the acid/base ratio is defined as the sum of the oxides, such as SiQ,,
P,O,, AL,O,, and TiO,, which form anion complexes in melts (silicates, phosphates, aluminates, titanates) divided by the sum
of oxides, such as CaO, MgO, Fe,0,, and MnO, which destroy the anion complexes in melts (network modifiers). The ratio may
be calculated on weight or a molar basis. Optimum acid/base ratios for producing good mineral wool have been determined
chiefly on an empirical basis and, ideally, should be near one. On a weight basis, a ratio ranging from 0.8 to 1.2 appcars
optimum.

Processes for producing mineral wool are basically simple, but there can be many variations. However, processes attempt
to accomplish the following objectives:

* Melt the feed charge
* Fiberize the molten stream
* Manufacture various mineral wool products

The mineral insulation industry uses two main methods of fiberization: a) spinning and b) blowing, but details of the
methods and the equipment dcsign are considered by the individual companies to be confidential. Both methods produce some
shot, which is a small amount of bead material at the end of the formed fiber.

Spinning

The many variations of the spinning technique, such as horizontal, vertical, and cup types, are all based on the centrifugal
principle. The technique may use flat plates or disks placed horizontally or spinning wheels in a single or multiple
configuration. The wheel is dish-shaped and generally water-cooled. The wheel is concavé in cross section and faced wilh
special metals to minimize wear and erosion.

The molten stream falls onto or into the spinner which, revolving at high speed, causes the melt droplets formed (0 be
thrown out at high speed, elongating the molten slag particle into a cometlike tail with a shot or bead attached. Much of the shot
is removed before the fiber product is formed. It is easily understood that proper operation, including speed of the wheels, could
have an influence on the physical properties of the fiber, e.g., length and diameter.

Blowing of the Molten Liquid

In this technique, the molten stream is allowed to fall from the furnace and, at a proper distance from it, is subjccted 0
a blast or jet of high-pressure air at right angles. The liquid forms small droplets which are propelled through the air. Tl.lc
droplets arc elongated, with a shot adhering to the end of the fiber. Most commonly, the gas used in blowing is pressurized aih
but steam is also used. Industry has shown that no deleterious effects were expericnced in switching from steam to air. Air
pressures can vary from 50 to 200 psi. Various nozzles are used or have been proposed for blowing mineral wool. Their design
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should allow a high gas vclocity to first break up the slag droplets and then direct the molten stream into a higher gas velocity
1o elongate the particle. After fiberization, the mineral wool is collected in a chamber or cyctone for further processing. The
equipment in this processing linc is dependent on the type of product being produced.

Manufacturing Mineral Wool from Power Plant Slag

Many power plants throughout the world utilize what is known as wet-bottomed boilers (o producc stcam (o generate
electric power. Two types of by-product material arc created by this type of boiler. By design, fly ash makes up approximately
30% to 40% of the residual material produced by wet-bottomed boilers. The second type of by-product is what is called slag or
pottom ash. Inside the boiler itsclf, crushed coal is fed in at high velocity and combusted. The molten slag falls to the bottom
of the boiler and collects in a pool. The pool of molten slag, at a temperature of approximatcly 2606°F, is drawn off through an
opening in the bottom of the boiler. At this point, the slag drops approximately 10 feet into walcr. As the slag is quenched, it
shatters like glass and is slurricd out of the power plant for disposal.

In the North Dakota arca, four power plants utilize wet bottom boilers: the Milton R. Young Station at Center, North
Dakota; Coyote Station at Beulah, North Dakota; Leland Olds Station at Stanton, North Dakota, and Big Stonc Station at Big
Stone, South Dakota. It was found that the Coyote and Big Stone plants had sufficient room in the boiler area to potentially add
the equipiment necessary to fiberize mincral wool (7). The type of cquipment that would be installed at any particular power plant
would vary, depending upon the type of product desired. The main component of fiberization at a power plant would be a means
of deflecting the stream of molten slag to a fiberization device.

Preliminary fiberization tests using Coyote slag as the raw material resulted in a mineral wool product that had an
acceptable average fiber diameter of 5.5 mm but which had a high shot content of approximately 65%. In defensc of the high
shot content, again it should be stressed that the samples were produced in a nonoptimized, unstcady-state cxperimental
environment (8).

Conclusion

This preliminary work Icads to the selection of the Coyote power plant as the most promising site for manufacturing
mineral wool.
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PROCESSING AND UTILIZATION OF WET FLUE GAS DESULFURIZATION MATERIAL

Andrew Stewart* and David J. Hassctt
Cooperative Power Association, 14615 Lone Oak Road, Eden Prairic, MN 55344
Energy & Environmental Research Center, University of North Dakota, Grand Forks 58202

BACKGROUND
Flue Gas Desulfurization

Utility emissions of sulfur dioxide arc controlled by a varicty of mcthods, including the following systems:

* Wet scrubbers

Spray dry scrubbers

Sorbent injcction

Regenerable processes
Combined SO,/NO, proccsses

Flue gas desulfurization (FGD) systems may be classified into two broad types: nonrcgencrable and regenerable, Iy
systems using the nonregenerable process, the SO, remains permanently bound with the sorbent to form a new compound, I
the systems using the regenerable process, the SO, sorbent can be reused following the regeneration step that produccs liquid
SO,, sulfuric acid, or elemental sulfur. Figures reported by the American Coal Ash Association (ACAA) indicate that nearly 20
million tons of FGD material was produced in the United States in 1995, but only approximately 7% of this material was utilized.

Wet Scrubbers

Processes that produce wet products are often described as wet scrubbers. These systems commonly use limestone, slaked
lime, or a mixture of slaked lime and alkaline fly ash as sorbents. The sorbent is sprayed into the flue gases where it reacts with
the SO, to form an insoluble calcium compound. The residues from these processes arc gencrally calcium sulfite, or calcium
sulfate if forced oxidation has becn employed. The wet scrubber materials are generally thixotropic, thus difficult to dewalcr,
and have specific handling and disposal requirements.

Spray Dry Scrubbers

In spray dry scrubbers, a solution or slurry of alkaline material is mixed with the flue gases at air preheater outlet
temperatures. The flue gases are humidificd by finely dispersed droplcts. The water is evaporated, salts are precipitatcd, and
the remaining solids are dricd, generally to less than a few percent of free moisture. The precipitated solids and fly ash arc
entrained in the flue gas and carried away from the spray dryer to a particulate collection device. Slaked lime is commonly uscd
as a sorbent, resulting in an end product consisting of a mixture of calcium sulfitc/sulfate and fly ash.

Sorbent Injection /

In sorbent injection systems, a dry calcium- or sodium-based sorbent is either added to the coal or injected into the boiler
or duct work. Sorbents used include limestone, lime, and trona or nahcolite. Hybrid systems have been developed that use morc
than one sorbent and/or injection points. Sorbent injection systems produce a dry calcium or sodium sulfite/sulfate wastc mixed
with the fly ash.

Other Processes

An alternative approach to dry flue gas cleaning involves the use of a circulating fluidized-bed absorber or gas suspension
and absorption unit. These systems use a reactor vessel in which a pulverized dry sorbent, such as sodium bicarbonalC:
limestone, lime, or calcium hydroxide, comes into contact with the SO,-laden flue gases in a fluidized bed or other reactor vessel.
A solid-gas separator, located downstream of the reactor, concentrates unuscd sorbent for recycle and subsequent rcuse for
additional SO, capture.
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Typical Utilization Scenarios for FGD Material

The residues from wet and dry FGD systems have similar chemical propertics. Major constituents are calcium sulfilc,
calcium sulfate, fly ash, and excess reagent. These properties are significantly different from pulverized coal combustion fly ash
and can Ic best utilized following processing. Calcium sulfite, gencrally the major component of FGD material, is typically
oxidized t0 calcium sulfate, which with water forms gypsum. This is usually scparatcd and dewaltered for utilization. The purity
of the FGD gypsum residues (rom the wet limestone/gypsum systems typically range from 95%-99%. Optimization of the FGD

rocess can ensure a by-product with a consistent quality suitable to substitute for natural gypsum in a varicty of applications.
TypiCﬂl utilization applications for FGD gypsum include agricultural applications, a feedstock for cement production, and
manufacture of gypsum wallboard. In most cases, the purity of gypsum necessary for these applications requires the removal
of fly ash before the scrubbing process to avoid contamination of the gypsum with fly ash.

COOPERATIVE POWER’S COMMITMENT TO ENVIRONMENTALLY SOUND UTILIZATION OF BY-
PRODUCTS

Cooperative Power’s Coal Creck Station (CCS) became fully operational in 1981. The two 550-MW units at CCS burn
North Dakota lignite. The resulting by-products are fly ash, bottom ash, and wet FGD material. Although disposal of the coal
combustion by-products (CCBs) was included in the original site plan at CCS, cven early on, consideration was given to
utilization of the fly ash as a mineral admixture for concrete and as a partial sorbent replacement for the wet scrubbing systcm.
CCS fly ash has been successfully marketed into North Dakota, Minnesota, and the surrounding region as a construction
material that is environmentally benign, highly consistent, and an excellent performer in numerous construction applications.

Attempts to use CCS fly ash as part of the scrubbing medium in the wet scrubbing system at the site were not as successful
as first hoped, primarily due to the abrasive nature of the fly ash. Currently, CCS scrubbers use lime as the scrubbing medium
for SO, removal.

CCS’s efforts to market its fly ash have been successful, so with increased awareness of the economic advantages of by-
product utilization, the favorable U.S. Environmental Protection Agency (EPA) regulatory dctermination that CCBs are not
hazardous, and the improved understanding of potential local and regional markets, Cooperative Power has taken additional
steps to investigate the processing and utilization of its wet FGD material.

LABORATORY- AND PILOT-SCALE PROCESSING OF CCS WET FGD MATERIAL

Samples of CCS wet FGD material were collected and evaluated. Typical samples were approximately 15%-20% solids
content, exhibited thixotropic behavior, and were primarily calcium sulfite and calcium hydroxide. The pH of the original
samples was approximately 7.0-7.5. Samples that were stored at room temperature generated H,S after several wecks,
indicating reduction of sulfur under anaerobic conditions.

The laboratory equipment used for oxidation experiments consisted of a 3-necked, round-bottom flask fitted with a paddic
stirrer. Air was introduced into the flask through glass frit at the bottom of the flask, and the pH was controlled through addition
of dilute sulfuric acid. Samples were removed and the sulfite content was determined at regular intervals. When the sulfitc
content was not detectable, the oxidation was considered complete. The sample was then allowed to settle and was filtercd,
Wwashed, and air-dried. The oxidized material was then analyzed to determinc the mineral composition. It is important to note
that as the oxidation approached completion the physical nature of the sample changed from a thixotropic substance to a two-
phase (liquid—solid) material, and the solid phase readily settled out of solution. This was an additional visual indication of the
oxidation process.

Two laboratory-scale oxidation trials were performed on the FGD material. These were performed at pH 5 and pH 4. The
first experiment, at pH 5, required 10 hours to completely oxidize the calcium sulfite to calcium sulfate. The second experiment,
A pH 4, achieved complete oxidation in 6 hours. The resulting solid samples of oxidized FGD material were air-dricd and
evaluated using x-ray diffraction which verified that the material was approximately 98%-99% pure gypsum.

The next phase of the work involved a scaleup to a pilot-scale oxidation process to oxidize four 55-gallon drums of the

D Material. The pilot-scale process was performed at pH 4 in a stainless stcel reaction vessel. Automatic pH control was uscd

10 maintain the pH of 4 with sulfuric acid. The other laboratory-scale requirements of stirring and introduction of exccss air

:fre fePlicatcd in the pilot-scale experiment. The pilot-scale experiment proceeded at a slower ratc than the laboratory-scale

.Pel‘{mem. requiring 80 hours to achieve completion. The final sample was separated and air-dried, yielding 675 pounds of
Ar-dried product. Analysis of the air-dried product indicated that the material was again 98%-99% pure gypsum.
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MARKET OPPORTUNITIES FOR FGD GYPSUM

As stated earlier, there arc several key utilization applications for FGD gypsum. These include agricultury Soi
amendment, fcedstock for cement manufacture, and production of gypsum wallboard. It has becn proposed that the use of p(;g
gypsum as an agricultural soil amendment may be highly advantageous for treatment of sodic soils. The nced to have the soj)
amendment in the form of gypsum or calcium sulfatc is that the calcium sulfate is more soluble than the calcium su]ﬁ(é in
nonoxidized FGD material. As can be deterinined by the process used to achicve oxidation, the oxidation of calcium sulfitc ¢,
calcium sulfate is not easily achicved, so it is advantageous for effcctive soil amendment to oxidize the FGD matcrig) before
using it in this application. It is also much casicr to handlc with conventional equipment as gypsum, which can be Zranulaeq
or pellctized for application, rather than the thixotropic FGD material that is generated in the scrubbing process. Onc advanlagc
of this market is that the product consistency can usually cxhibit greater variability in agricultural applications than in industrig)
applications. Agricultural soil amendment applications will likcly be scasonal, so material storage may be a requiremen ang
needs to be considered. Gencrally, the agricultural applications for CCBs arc high-volume applications, but the markey price
for thesc materials is also gencrally lower than industrial applications.

The use of FGD gypsum in cement and gypsum wallboard manufacturing has become more commnon in recent years ;g
these industrics become more aware of the advantages of recycling and the costs of raw virgin matcrials. In these applications,
the purity and consistency of the FGD gypsum are critical. Another key issue with supplying FGD gypsum to these industrics
is transportation. If transportation costs from the FGD gypsum production site to the manufacturing site are too great, especially
relative to other natural or by-product sources, it will be difficult to market the FGD gypsum into these industries. All of these
issues need to be evaluated as part of the marketing and economic evaluation of processing FGD material as a managemen
strategy.

OPTIONS FOR COMMERCIAL-SCALE OXIDATION OF FGD MATERIAL

The oxidation process used for the laboratory- and pilot-scale experiments summarized in this document was performed
using an ex situ process. The wet FGD material was removed from the scrubbing system after the SO, had been reacted with
the scrubbing medium. This process can be scaled up to commercial scale as one option; however, there are also options that
are generally referred to as in situ oxidation processes. In these processes, the oxidation of the calcium sulfite is forced
simultaneously during the scrubbing process. For both the ex situ and in situ processes, there are commercial systems available
that can be retrofitted onto cxisting scrubbers at utility sites. Each system offers advantages either in purity of the FGD gypsum
that can be produced or in cost-effectiveness based on the amount of handling and added materials to achieve the oxidation. It
is beyond the scope of this paper to evaluate the advantages and disadvantages of all the commercially available systems;
however, it is important for individual companies to perform cost-benefit analyses of the various options, taking into account
the FGD gypsum markets of highest interest.

Additional considerations that have been alluded to for commercial-scale oxidation processes include the potential necd
for granulation, pelletizing, or other postprocessing to facilitate handling, storage, or shipping. Short- and long-term storage
considerations must also be evaluatcd for some utilization applications such as agricultural soil amendment. Quality assurance
testing should also be considered as part of the marketing needs, and an altemate plan for management of the FGD materia!
should be considered for cases when spccifications may not be met because of process failure or inconsistency.

/
CONCLUSIONS

FGD material is only one by-product of coal combustion at CCS, but the preliminary work presented here is indicative of
some general CCB management issues. CCBs are high-volume materials that can perform well in numerous applications when
management plans include the needed options for utilization. A good CCB management plan can benefit from a well- thought-
out marketing plan. The laboratory- and pilot-scale work described in this document provided the background information
showing that a high-quality FGD gypsum can be produced from CCS FGD material. Cooperative Power continues to evaluat
the economics of commercial-scale oxidation of CCS FGD material and the market potential for CCS FGD gypsum.
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USE OF COAL COMBUSTION BY-PRODUCTS FOR SOLIDIFICATION/STABILIZATION OF
HAZARDOUS WASTES

David J. Hassett* and Debra F. Pflughocft-Hassett
Energy & Environmental Research Center, University of North Dakota, Grand Forks, ND 58202

INTRODUCTION

The coal combustion by-product (CCB) industry has been interested in the utilization of CCBs for wastc solidification/
stabilization for several years. Prcvious rescarch perforined at the Energy & Environmental Rescarch Center (EERC) and
cofunded by the U.S. Department of Encrgy (DOE) and Gas Rescarch Institute (GRI) identificd an important stabilization
mechanisin for elements that exist as oxyanions in aqueous solutions, including arscnic, boron, chromium, molyhdenum,
selenium, and vanadium. This mechanism is the formation of the mineral cttringite, which has been shown to incorporate
oxyanionic species into its structure during the formation process. This mincral was identificd in comingled by-products from
coal combustion and gasification. Follow-on research at the EERC has focused on ettringite synthesis from laboratory rcagents
and the determination of potential mechanisms of stabilization through ettringite formation. In numerous unrelated CCB
research projects funded by DOE and/or industry, ettringite has been identificd as a hydration product in a variety of alkalinc
CCBs. Reduction in the mobility of several trace elements is commonly noted with the presence of this mineral in hydrated
CCBs. The cementitious and pozzolanic properties of coal combustion fly ash that make it useful in concrete also allow it to
solidify and chemically immobilizc soluble inorganic wastes and organic chemicals. Significant interest cxists in using fly ash
and clean coal technology by-products for waste stabilization, and several commercial vendors have developed patented
processes. Commercial waste stabilization processes typically involve controlled mixing and curing using lime, fly ash,
portland cement, and various additives.

The discovery that ettringitc formation could be used to remove potentially hazardous oxyanions from solution was madc
during an EERC research project involving the disposal of coal gasification solid and liquid wastes (1). It was observed that
solution concentrations of some potentially toxic trace elements decreased with time during long-term leaching in certain
mixtures. At the same time, characterization of solids in the wastes showed the concentration of the mineral ctiringitc was
increasing over time. This observation was a major advancement in waste trcatment technology and led to additional rescarch
on ettringite. Ettringite is a mincral with the nominal composition Ca,AL(SO,) (OH),, -26H,0. Ettringite is also the family
name for a series of related compounds, known as a mineral group or family, which includes the following minerals (1):

Ettringite Ca,AlL(50,),(OH),,-26H,0

Charlesite Ca,(Si,AD,(SO,),(B[OH],)(OH),,-26H,0
Sturmanite CaFe,(SO,),(B[OH] )(OH),,-26H,0
Thaumasite CaSi(S0,),(CO,),(OH),,-24H,0
Jouravskite CaMn,S80,),(CO,),(OH),,-24H,0
Bentorite Cay(Cr,AD,(S0,),(OH),,-26H,0

There are two technical approaches to the use of ettringite formation for the fixation and removal of trace elements from
solution. One approach is the formation of a minimal amount of ettringite in a very large volume of solution to remove tracc
Concentrations of elements such as boron and selcnium. An alternate approach using ettringite formation is to solidify the entirc
Tnass, thus incorporating the oxyanionic elements of interest into the ettringite structure as a monolith. This approach is more
applicable for the treatment of smaller volumes of solutions containing high concentrations of boron and/or selenium,
accomplishing two objectives: first, the waste is solidified, and second, the hazardous components of the liquid waste arc
?hemiCally incorporated into the solid matrix. If the procedure is properly performed, a solid with high compressive strength
18 produced, incorporating excess alkaline components. This process has the potential to produce a highly stabilized mass for
the disposal of high-concentration liquids containing boron, selenium, or any other element capable of substituting into the
Sltringite structure.
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EXPERIMENTAL

Five low-rank coal combustion {ly ash samples extensively characicrized in previous projects (2) were used as 3 Pool of
candidate materials for potential use as wastc stabilization agents. Two of thesc fly ash samples were selected because euringi(:
formed in he solid in long-term lcaching experiments, and an associated reduction in leachate concentration of at Ieast ope iy :
element was noted for each sample. Stabilization experiments were perforined using these two samplcs. e

The stabilization experiments were designed to evaluate the removal of relatively high concentrations of boroy and
selenium from a simulated wastewaler. The boron and sclenium concentrations were determined from samples of contamingeq
water from a proprictary source. Sulfalc was added as onc variablc in order to determine if high concentrations of sulfaie woul|
impact the ability of the cttringite to include trace clements in its structurc. The experiments were carried out in 2-liter
containers with a 20-to-1 liquid-to-solid ratio (similar to lcaching protocols) and continuous end-over-end agitation over (he 60-
day duration of therexperiment. The stabilization experiments were performed using the following matrix:

TABLE 1
Matrix of Experimental Variables
Starting Concentration Simulated Wastewater A, mg/L Simulated Wastewater B, mg/L
B 15 15
Se 0.1 0.1
SO 0 500

Samples of the liquid phase from cach experiment were collected at regular time intervals through the 60 days of the
experiment. The rotator was stopped, and after the bulk of the solids had scttled, samples were collected using a syringe. The
samples were then filtered through a 0.45- m filter, acidified with concentrated ultrapure nitric acid to 5%, and stored at 4°C
in Teflon bottles until submitted for analysis. The boron concentrations were determined by inductively coupled argon plasma
(ICAP) spectrometry, and the sclenium concentrations were determined with heated graphite furnace atomic absorption
spectrometry (HGA-AAS). A time—concentration comparison was developed as shown in the following section.

RESULTS AND DISCUSSION

All results of the analyses of the liquid saunples for the stabilization experiments are presented in Tables 2 and 3. The
presence of cttringite in the reacted solids was confirmed by x-ray diffraction.

The two sets of data for each sample indicated similar results for changes in boron and selenium concentrations. Sct A
for each material used a simulatcd wastewater with boron and selenium only. Sct B for cach material used a simulated
wastewater with boron, selenium, and sulfate. The starting concentrations of all simulatcd wastewater components are notcd
above. The analyses of the liquid samples indicated two different phenomena: 1) an increase in solution concentration of boron
and selenium; and 2) solution concentration reduction of boron and selenium approaching 100%.

Results for Ash 2 indicated no reduction in boron or selenium concentrations with time, 4s was expected. In fact, aslight
increase in boron and selenium concentrations over the concentrations in the simulatcd wastewater was noted. These
increases may be a result of additional analytc being leached from the solid sample into the liquid phase, or they may bc an
artifact of the analytical technique used. Quality control methods included in the analyses indicated that the results are accuralc;
however, it cannot be confirmed that additional analyte was leached from the solid without additional analysis, which was
beyond the scope of this study.
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Analytical Results — Solution Concentrations for Simulated Wastewater Trecated with Ash 1

B, mg/L % B Reduction Sc, mg/L % Sc Reduction

Solution A

6 hours 7.87 47.5 0.045 55.0
12 hours 6.01 59.9 0.034 66.0
18 hours 4.54 69.7 0.025 75.0
24 hours (1 day)  3.81 74.6 0.025 75.0
2 days 1.60 89.3 —_ —_

3 days 0.69 95.4 — —_

4 days 0.44 97.1 — —

5 days 0.39 94.4 — —
6 days 0.42 97.2 S —_

7 days (1 week)  0.34 91.7 <0.02 >80
4 weeks 0.30 98.0 0.023 77.0
8 wecks 0.24 98.4 0.021 79.0
Solution B

18 hours 5.09 66.1 0.025 75.0
7 days (1 week)  0.38 97.5 <0.02 >80.0
4 weeks 0.40 97.3 0.023 77.0
8 weeks 0.20 98.7 0.020 80.0

Analytical Results — Solution Concentrations for Simulated Wastcwater Treated with Ash 2

B, mg/L % B Reduction Sc, mg/L % Sc Reduction

Solution A

18 hours 18.0 -20.0 0.11 -10.0
7 days (1 week) 17.8 -18.6 0.12 -12.0
4 weeks 16.7 -11.3 0.106 -6.0
8 weeks 17.2 -14.7 0.13 -30.0
Solution B

18 hours 18.3 -22.0 0.13 -30.0
7 days (1 week) 18.6 -24.0 0.12 -12.0
4 weeks 16.9 -12.7 0.105 -5.0
8 weeks 18.4 -22.7 0.13 -30.0

w

Analytical results of solution concentrations of boron and selenium for Ash 1 indicated a relatively quick and consistent
reduction of both elements over time. The concentration reduction for boron was > 95 %, and the concentration reduction for

selenium was > 75 %.

The primary question regarding the reported results from the stabilization experiments was why the two samples, both of
which were identified as ettringitc formers, had different effects on the boron and selenium concentrations in the simulated
Wastewater. A further review of the available results was performed, leading to the development of several hypotheses to cxplain

the observed phenomena.

The Ash 2 was likely prehydrated before received for analysis, as evidenced by the presence of ctiringite in the original
Sample. Although it appears that additional ettringite was formed over the duration of the stabilization experiments, this
Proposed prehydration of the material may have resulted in a different ettringite formation mechanism. It is proposed that the
fast-forming ettringite was already formed at the beginning of the experiment and the necded elemental componcents may have

been depleted from the solid material. The leachate pH of Ash 2 was only slightly higher than the required 11.5.
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In the course of other research performed at the EERC, it was noted that another compound, commonly referreg
monophase (Ca,AL[SO,],[CO,], ,[OH],-5-8H,0), appears to be equally important in waste treatment. Monophase is 5 Dh'r‘
related to cttringite by its common components, Ca, Al, SO,, OH, and H,0, as well as its similar synthesis. It is hypo(hcsi;;cl
that the formation of monophase and potentially other mechanisms for, or precursors to, ettringite formation may have '1:,
impact on the ability of the ettringitc formed to sorb other elements such as boron and sclenium. The available informalion‘ig
not adequate to evaluate this hypothesis. An analytically intensive laboratory research project could be designed 1o evalum‘c
ettringite formation mechanisms on the uptake of trace clements and facilitatc the development of criteria for identificagioy of
CCBs that are the best candidates for use in waste stabilization.

10 g

CONCLUSIONS AND RECOMMENDATIONS

The following conclusions can be drawn from the information obtained in this research:

CCBs can be useful in the chemical fixation of potentially hazardous trace clements.

* Indication of ettringite formation alone is not adequatc for sclecting a CCB for waste stabilization application,
* Moderate sulfate concentrations do not promote or inhibit trace eclement sorption.

+ Ettringite formation mechanisms may impact trace element fixation and need to be clucidated.

» Laboratory demonstration of the CCB with the stabilization process being proposed for demonstration or
commercial use is necessary to verify the efficacy of the material and process.

« The final waste form must be evaluated prior to management according to the required regulatory procedures.
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UTILIZATION OF NORTH DAKOTA LIGNITE COMBUSTION BY-PRODUCTS
IN ROAD-BUILDING APPLICATIONS

Bruce A. Dockter* and Debra F. Pflughoc(t-Hassett
Energy & Environmental Rescarch Center
University of North Dakota, PO Box 9018 Grand Forks, ND 58202-9018

Andrew Stewart
Cooperative Power Association
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1.0 INTRODUCTION

Cooperative Power Association, the Industrial Commission of North Dakota, and the U.S. Department of Energy (DOE)
provided funding for this research projcct at the Energy & Environmental Rescarch Center (EERC) involving participation of
the EERC’s Coal Ash Resources Rescarch Consortium (CARRC), Houston Engineering, Braun Intertec, Falkirk Minc, Manz.
Associates, the North Dakota Department of Transportation (NDDOT), the North Dakota State Health Department (NDSHD),
and several additional North Dakota utilitics. The laboratory information provided by the EERC through this projcct was
originally intended specifically for use in the relocation of ND Highway 200 near Undcrwood, North Dakota, planned for
initiation in 1995. Although this highway relocation project was postponed to 2009, the characterization and mix design
information on concrete, controlled low-strength materials (CLSM), soil stabilization, and permeablc base course presented in
this report are applicable to general road-building projects and other public works and commercial projects following
optimization of the mix designs.

This report discusses chemical, physical, and engineering characterization results from environmental and enginecring
perspectives, but will concentrate on the physical testing with an abbreviated presentation of the chemical analysis as it rclates
to leachate concentrations and RCRA limitations. Potential environmental impact is evaluated based on extensive chemical,
mineralogical, and leaching characterizations developed with input from NDSHD. Available environmental data indicatc that
coal combustion by-products (CCBs) are not hazardous, as recognized by the August 2, 1993, ruling by thc U.S. Environmental
Protection Agency (EPA). This regulatory determination placed fly ash, bottom ash, boiler slag, and flue gas desulfurization
materials under Subtitle D of the Resource Conservation and Recovery Act (RCRA), which delcgates regulation of
nonhazardous solid wastes to the individual states. The environmental information included in this report was designed to
address specific concerns of the NDSHD relative to CCB utilization and disposal in North Dakota. The results indicate that the
materials studied are nonhazardous. The physical and engineering characterization was used to develop mix designs for road-
building applications of immediate interest to the engincering consultants responsible for the Highway 200 relocation projcct.
The goal was to determine the appropriatcness of various ND lignitc combustion by-products for road-building applications.

2.0 BACKGROUND

In North Dakota, CCBs have varied characteristics based on several factors. One key variable is the coal source. In North
Dakota, the coal utilized is North Dakota lignite (NDL). Other important variables in the production of by-products arc
primarily system-specific. These include coal handling; burner, boiler, and furnace types and configurations; by-product
collection devices; emission control devices; and emission control reagents. The typical by-products formed from coal
combustion processes include fly ash, bottom ash, boiler slag, and flue gas desulfurization (FGD) materials. Fluidized-bed
combustion (FBC) materials are also available in North Dakota and clsewhere.

3.0 METHODOLOGY

__Eleven lignite combustion by-product samples from six electric generating stations were submitted by four North Dakota
utilities (Table 1). A broad variety of lignite combustion by-products are generated in North Dakota, however the scope of this
Project was limited to those most typical and of highest potential for use in road-building applications. The samples werc
Selected with input from the NDSHD. The EERC requested samples from the utilities and provided them with sampling
Procedures to ensure representative samples.
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TABLE 1

North Dakota Lignite Combustion By-Product Samples Evaluated

By-Product Type

Utility Owner or Operator Unit Name FGD FA' BA?
Basin Electric Power Cooperative Antelope Valley X X
Leland Olds X X
Cooperative Power Association Coal Creck Station X X
Minnkota Power Cooperativc, Inc. Milton R. Young X X
Montana-Dakota Utilitics Co. Coyote X
Heskett (FBC) X X
TFly ash,

2 Bottom ash.

3.1 Chemical and Environmental Characterization

The chemical and environmental characterization program for utilization and disposal included an evaluation of (he
leaching characteristics of the materials. Leaching characteristics are important for environmental and health reasons, both iy
disposal and utilization scenarios. The leaching characterization protocol developed at the EERC includes the use of both sho.
and long-term leaching procedures and a mincralogical evaluation of the leached material following long-term leaching, The
leaching tests and leaching solutions for the synthetic groundwater leaching procedure (SGLP) and long-term leaching
procedure (LTL) were selected on the basis of recommendations from the NDSHD. The short-term procedures were applied o
the bottom ash and boiler slag samples. Short- and long-termn leaching procedures were used for the fly ash and scrubber ash
samples according to the recommendations of the NDSHD.

3.2 Development of Preliminary Mix Designs

‘The EERC developed preliminary mix designs based on the results of the characterization efforts. The mix designs were
tailored to suit the utilization options identificd by Cooperative Power, Houston Engineering, and Braun Intertec. The options
are 1) concrete for a variety of pavement applications, 2) CLSM, 3) soil stabilization, and 4) permeable base course.

4.0 RESULTS AND DISCUSSION
4.1 Chemical and Leaching Characterization

The leaching results indicate that the leachates do not exceed RCRA limits for any RCRA elements and in most cases do
not exceed primary drinking water standard limits. This is consistent with the regulalory determination by EPA that these
materials are not hazardous wastes. It also indicates that these materials are excellent candidates for utilization in road building
and other applications. Past projects investigating the utilization of Coal Creck Station fly ash for use in concrcte pavement and
CLSM have shown that the laboratory lcaching results have indicated higher concentrations of some trace elements than were
found in the associated ficld monitoring programs. The results of these demonstration projects indicate that laboratory leaching
tests, designed to be relevant to the environmental situation for use or disposal, provide results indicative of ficld behavior.

4.2 Laboratory Testing of North Dakota Lignite Coal By-Products in Concrete, CLSM, Soil Stabilization, and
Permeable Base Course

Currently across the state of North Dakota, fly ash used in concrete is obtained almost exclusively from the Coal Creck
Station. Although other fly ash sources evaluated in this project such as Antelope Valley and Leland Olds indicate good potential
for use in concrete based on results of empirical tests, these materials did not meet ASTM C618 specifications for use as cement
admixtures. Because of the established precedent of using Coal Creek fly ash, which meets all ASTM C618 specifications, in
this application, only this source is addressed here. The most recent research using Coal Creek fly ash in concrete (1,2) examincd
the physical effects of using fly ash for up to 70% replacement of cement. Depending of the level of fly ash usage and overall_
cementitious volume, the 28-day compressive strengths ranged from 2600 to over 4000 psi. Flexural strengths after 28 days of
curing exceeded 800 psi. Extended curing times, up to 3 and 6 months, produced concrete compressive strengths of over G000
psi. Based on compressive strength as the main design criterion, the optimum mix designs utilized from 30% to 40%
replacement levels for fly ash for cement. When testing concrete containing fly ash for scaling resistance to deicing chemicals
(ASTM C672), the ideal replacement level was 35%. At this level, the fly ash concrete performed as well as the control mixwrc,
which containcd no fly ash.
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CLSM is a cementitious material, commonly a blend of cement, fly ash, sand, and water, that is usually flowablc and sclf-
jeveling at the time of placement. It is generally used in nonstructural applications below grade where low strengths are desired.
[n these Cases, the mature strength of the CLSM is intcnded to be no greater than tha} of the surrounding soils. American
Concrete Institute (ACI) Committee 229 classes CLSM as a construction material having a maximum 28-day compressible
strength lower than 1200 psi. If the mixture is intended to be removed at a possible later date, the design strength should actually
pe in the range of 30 to 150 psi. Uses of CLSM include backfill (sewer trenches, utility trenches, bridge abutments, conduil
irenches, pile excavations, retaining walls), structural fill (foundation subbase, subfooting, floor slab basc, pipe bending), and
other miscellaneous uses (abandoned underground storage tanks, wells, abandoned utility company vaults, voids under
pavement, SEwers, manholes). .

A CLSM mixture is designed so that all characteristics will have optimum conditions dependent on the application.
Typically, the blends will be proportioned and the desired characteristics vyill be tested according to the appropriate standard
procedures. The proper control of strength development in CLSM applications is probably the single most important criterion
in developing the design mix. Not only must minimal strength devclopment be met to provide structure support, but maximum
strength development must usually be controlled also. Coal ashes need not mcet ASTM C618 specifications for CLSM uscs as
long as the proper strength development is achicved. All fly ashes in this project were cvaluated using the same mixture
proportions. The quantity of cement used is probably higher than would normally be incorporated when cementitious ashes such
as those produced from NDL are uscd. However, the mix design used was well established and is commonly referenced in
numerous regions of the country. The mix proportions of the dry matcrials were the same for all ashes.

Soil stabilization is a tool for cconomical road building and roadway upgrading. Fly ash has been success{ully used with
granular and fine-grained materials to improve soil characteristics, thus providing adequate support for pavements, and (o
improve working conditions where undesirable soils are encountered. Stabilization of soil with fly ash alone has been rather
limited in the United States. However, the availability of fly ash with a high {ree lime content, resulting from the burning of
lignite and western coals, offers new possibilities on the stabilization field. A previous review of [ly ash characterization has
pointed out that the high-calcium (Class C) fly ash produced from western lignite and subbituminous coals has higher CaO,
MgO, and SO, and lower Al O, and SiO, concentrations than fly ash from bituminous coal (3). The mineralogy of Class C fly
ash can play an important role in its behavior as a cement replacement because the lime, when hydrated, can activate a sclf-
pozzolanic behavior in the ash itself, and the two calcium phases can react with water in cementitious reactions. ASTM has
developed a specification for the use of fly ash with lime in lime—fly ash-soil aggregate mixtures. This specification (ASTM
C593, Fly Ash and Other Pozzolans for Use with Lime) establishes minimum unconfined compressive strength and durability
requirements for mixtures using coarse-grained soil. The unconfined compressive strength criterion of 400 psi in 7 days under
accelerated curing conditions has proved acceptable; however, recommendations have been made to reduce this requircment to
as low as 100 psi for subbase applications (4).

The subsoils used were obtained from the Highway 200 relocation program and were provided by the Falkirk Mining
Company in North Dakota. Samples were obtained from six locations along the proposcd pavement site. The soil was first air-
dried and then crushed to pass a No. 4 mesh sieve. The maximum dry density and optimum moisture content were determincd
according to ASTM D698, Test Mcthods for Moisture-Density Relations of Soils and Soil-Aggregate Mixtures Using 5.5-1b
Rammer and 12-in. Drop. The maximum dry density and optimum moisture content arc 100 pcf and 21.9%, respectively. Alter
determination of optimum conditions, laboratory tests detcrmined compressive strengths of the raw soil, soil and cement, and
soil-fly ash-lime mixtures. Rather than determining optimum mix dcsigns for all levels of fly ash, lime, and ccient
combinations, we used a standard level of mix proportions. An attempt was madc to minimize the use of cement and maximizc
the use of fly ash and hydrated lime. Seven soil stabilization mixtures were evaluated. The only soil mixture containing cement
utilized 15% soil replacement with cement. The remaining mixtures contained 12% fly ash and 3% hydrated lime. The test
mixtures were compacted at a moisture content of within 2%-3% of the optimum moisture content of the in situ soil. Duplicatc
samples of each mixture were prepared for three separate durability procedures. One procedure cured the duplicate specimens
at 70°F for 7 days in a sealed container to prevent moisture loss. The second and third procedures required curing the test
specimens under accelerated conditions, at 100°F, for 7 days in sealed containers. Upon complection of the accelerated curing
time, specimens for one procedure were soaked for 4 hours, and the remaining procedure called for vacuum saturation. All
procedures are prescribed in ASTM C593, and the specimens were subsequently tested for unconfined compressive strength.

Recently, several agencies have experimented with the use of drainable pavement systems for heavy-duty pavements on
§nterstate systems or other major roadways. These permeable base systems are designed 1o carry excess runoff water, which can
infiltrate the pavement surface quickly to a pipe drainage system. These materials may use either an asphalt- or cement-trcated
stabilized mixture. The aggregate gradation is a compromise between two factors—permeability/durability or compressive
strength. The intent is to have a very coarse aggregate matrix with a minimal fine aggregate content (material passing No. 200
sieve). This lack of fines will produce a very open and permeable graded matrix: the less fine aggregate used, the more permeable
the mixture, a key design criterion. However, as more coarse-grained materials are used, the stabilized, hardened mixturc
becomes much less durable and susceptible to deterioration as construction equipment, trucks, etc., are driven over it. Thercfore,
an ideal gradation of aggregates has to be developed that will allow an open-graded matrix while exhibiting durability. Cement-
treated permeable bases (CTPB) usually contain about 200- 250 pounds of cement for a cubic yard of material. Generally (%~
10% of the material will pass the No. 8 sicve. The NDDOT will allow up to 4% fincr than a No. 200 sicve. The cement content
and aggregate gradation requirements will vary between agencies, often on an arbitrary basis. A range of mix designs may be
more precisely tailored to specific job conditions, namely, the different Ievels of construction, trucking, and subgrade support
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conditions. These cement-treated bases have coefficients of permeability in the range of 3000-15,000 ft
approximately 1-6 cm per second (5). The compressive strength of CTPBs can vary from 150 to 600 psi at 7 days. Water—cc.ne

ratios can also be specificd, but more significance should be placed on proper permeability requirements than on stren 'm
development. et

Initial attempts at preparing permeablc stabilized base course proved unsuccessful, The main reason for this w
the large quantity of bottom ashes used. Initial blends of 50% coarse concrete aggregate and 50% bottom ash were used for th
entire aggregate quantity. Even though the bottom ashes tend to have physical gradations similar to many concrete aggregmcgc
they will-still tend to have significant amounts of fines (material less than No.8 sieve). The NDDOT specification for aggregue
use in a permeable base requires minimal amounts of materials passing the No. 8 sieve. The coal bottom ashes, with signiﬁ['nm
amounts finer than this size, produced a denscr, less permeable concrete matrix.

A second attempt was made at blending coarse concrete aggregate, but at smaller ratios of bottom ash, which producey
much better results in regard to high perncability. The percentage of total aggregate uscd for the Coal Creek, Antelope Valley
and Leland Olds bottom ashes was 20%. For the Coyote, Milton R. Young, and Heskett Stations, 15% of the total aggregmé
content was the bottom ash. The smallcr quantities of bottom ash used in the aggregate blend resulted in gradations much cloger
to NDDOT specifications than were previously obtained. An alternative to using less bottom ash would be to separate most of
the fines out of the bottom ash prior to blending with the concrete aggregate. This would allow the usc of higher quantities of
bottom ash. The intention of this task is to usc a combination of coarse aggrcgate and bottom ash that will not require any
additional separation or crushing in the ficld prior to use. The less handling required by cither the contractor or utility company,

the more appealing the application will be for using NDL by-products. A high water-to-cement ratio (0.71) was used to allow
workability in the laboratory.

Per day o

a5 probably

5.0 CONCLUSIONS

For concrete pavement design, the recommended fly ash replacement levels would be 35%—40%. Strength development
appeared adequate to support traffic conditions. For bridge deck applications, where higher early strength development and
resistance to corrosive salt solutions may be required, 25% to 30% fly ash use may be more appropriate.

CLSM results indicate substantial strength development in most of the fly ash mixtures. This is probably attributable o
the high level of cement in the mix design. The recommended compressive strength of 100~150 psi at 28 days was surpassed
in all but one instance at 14 days. A high compressive strength is not necessarily desirable in all CLSM instances, especially
if future excavation is required. CLSM mixtures are ideal for fly ashes that do not strictly meet ASTM C618 specifications. All
fly ashes examined here would be likely candidates for CLSM applications. The Heskett Unit No. 2 FBC fly ash and Leland Olds
fly ash appear to have self-cementing properties ideal for this application. Although not examined in this task, bottom ashcs
could also be tested for use as granular filler in place of fine aggregate. The bottom ashes submitted for this project have a
gradation similar to that of concrete aggregates.

For soil stabilization, the soil-fly ash-lime mixtures all significantly improved soil durability, but none of these mixtures
achieved the minimum 400-psi compressive strength. Scveral reasons may explain this. First, as stated earlier, no attempt was
made to determine optimum mix designs for any of the fly ash-containing mixtures. The prescribed proportions were similar
to those found in related research using other fly ashes, which are not necessarily the optimum conditions for these fly ashes.
Clearly, the use of cement, even in small quantities, will greatly enhance the durability of soil stabilization mixtures. To achieve
the minimum strength of 400 psi, it is recommended either to use small quantities of cement in the test mixtures or to allow the
samples to cure longer in their sealed containers.

All of the bottom ashes and slags exhibited acceptable performances for permeability and unconfined compressive
strength. In all cases, strength development was substantial enough to allow removal from the cylinder molds one day after
casting and later developed 7-day strengths comparable to the literature findings. The Heskett spent bed material (bottom ash)
would be an ideal use in this application, although all of the bottom ashes seem to perform sufficiently well.

6.0 RECOMMENDATIONS
The EERC makes the following recommendations:

« It is recommended that near-term demonstration projects for the applications evaluated in this study be pursued
through the NDDOT and other governmental agencies.

+ The results indicate that the materials evaluated are environmentally suitable for utilization, and it is recommended
that the NDSDH consider development of standards for preapproved uses for recycled lignite combustion by-products in road
building and other use applications.

* Past demonstration and commercial projects utilizing Coal Creck Station fly ash in high-volume fly ash concret¢
should serve as examples for any future road building, other public works, and commercial projects in order to take full
advantage of this high-quality North Dakota resource.
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+ Further work on the utilization of North Dakota bottom ash as aggregatc in CLSM and other applications is
recommended.

« The benign nature of the materials investigatcd recommends them for utilization in numecrous other applications
peyond road building. Specific nceds that can be addressed in North Dakota by utilizing lignitc by-products include mine
reclamation, subsidence abatement, and skid control.
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WORKSHOP: INFORMATION IN THE ELECTRONIC AGE - HOW TO GET IT AND How
TO USE IT

COMPARISON OF INTERNET AND DATABASE SEARCH ENGINES
Barbara Knight*, MA, MLS; Theresa Norton, MS; Phyllis Hustoft, MLS
Harley E. French Library of the Health Sciences, University of North Dukota, Grand Forks, ND 58202

ELECTRONIC JOURNALS: AVAILABILITY, ACCESS AND USAGE

Judith L. Ricke*, MLS; Theresa Norton, MS; and Michael Safratowich, MLS
Harley E. French Library of the Health Scicnces, University of North Dakota, Grand Forks, ND 58202
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COMPARISON OF INTERNET AND DATABASE SEARCH ENGINES

Barbara Knight*, MA, MLS; Theresa Norton, MS; Phyllis Hustoft, MLS
Harley E. French Library of the Health Scicnces, University of North Dakota, Grand Forks, ND 58202

Information searching is a complex activity, dependent upon knowlcdge of principles, concepts, and techniques of
information storage and retricval. Scientists and healthcare professionals utilize a multitude of databases in retrieval of
information vital to their research projects and the provision of competent paticnt carc. The search engines used determine
the results retricved from the databases. The purpose of this paper is to present a comparison of the scarch engines uscd
and the techniques necessary to maximize retricval from a variety of databascs. It will demonstrate the variability of scarch
results and their dependence upon (he attributes of the databases and search engincs utilized.

Attributes considered will include extent of the database or search engine, currency, data manipulation, archival
access, relevancy assignments, search quality, and availability of scarch aids. A demonstration of the similaritics and
differences of scarching a databasc with controlled vocabulary versus natural language will highlight their effects on the
quality of the search. “Controllcd vocabulary and natural language each have advantages and disadvantages for
information indexing and online information retrieval. The first is rigid, inflexible, and precise, the other is highly
expressive, flexible, and potentially ambiguous (1).” Examples will be drawn from databases with controlled vocabularics,
such as MEDLINE, as well as those which must be searched by utilizing natural language, such as the broad databascs of
the Internet and more specific databases, such as Current Contents.

Comparisons of search engines available for searching the Internet will be outlined in a similar manncr. Specific
search engines addressed will include, but not be limited to: Alta Vista, Deja News, Excitc, HotBot, Infoseck, Jughead,
Liszt, Lycos, Metacrawler, OpenText, Webcrawler and Yahoo.

1. Harter, Stephen P. (1986) Qnlinc Information Retrieval: Concepts, Pringipl Techniques, pp 54. San Diego,
Academic Press.
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ELECTRONIC JOURNALS: AVAILABILITY, ACCESS AND USAGE

Judith L. Ricke*, MLS; Theresa Norton, MS; and Michacl Safratowich, MLS
Harley E. French Library of the Health Sciences, University of North Dakota, Grand Forks, ND 58202

Scicntists, publishers, and librarians have long anticipated the age of the full text clectronic journal.  Access (o full
text e-journals was very limited until graphical World Wide Web browsers, such as Netscape and Internet Explorer, became
widely available. Their development along with the common availability of powerful hardware makes the electronic journy]
more viable. The 1996 Association of Rescarch Libraries_Directory of Electronic Journals and Newsletters (1) listed nearly
2,000 clectronic journals and newsletters available through the Intcrnet. Although this represents only a small fraction of
the number in print, this new medium is onc that researchers should understand and utilize.

The purpose of this paper is (o inform scientists how to locate and access electronic journals effectively. In addition,
the strengths and weaknesses of the e-journal will be explained in relationship to scholarly research.

Finding electronic journals is becoming easier as they increase in number. Commercial publishers and professiong]
organizations who produce them promote their electronic products extensively. Their advertisements as well as their ac(yg
print products list their “addresses”. Libraries, such as ours, create links to selected journals through their home pages.
There are also comprehensive lists and directories of scientific journals available for browsing. Many libraries note in the
their catalogs, in our case ODIN, when their print titles have electronic counterparts. Often information is also included
for titles not owned by the library, but whose subject matter is in scope for the library’s users and collection.

A computer capable of connecting to the Internet cither through a modem or a direct network connection is necessary
to access electronic journals, For maximum utilization, one needs to usec a World Widc Web browser like Netscape or
Internet Explorer. In addition, the free Adobe Acrobat Reader software enables users to view, navigate through, and pring
any Portable Document Format (PDF) document in a form almost identical to that found in a print journal.

The strengths of electronic journals include quicker turn-around time for publication, desktop availability,
interactivity of hyper-links throughout the text and references, the ability to request documents on demand, the ability to
manipulate graphics (such as enlargement and reduction) and references (cut and paste into other documents or request
forms). The weaknesses include the variability of the product, the pricing, licensing restrictions, security of the data,
stability of the uniform resource location (URL) address, and the alteration of the peer review process. The issues of
archiving and storing back issues are of special concern to scientists and librarians (2).

Electronic journals will change the system of scholarly communication as we know it. The benefits are undeniablc,

yet the challenges must be addressed. Electronic publishing needs the encouragement and participation of an informed
scholarly community.

1. Association of Research Libraries Directory of Electronic Journals and Newsletters (1996 6th edition. Association of
Research Libraries, Washington, D.C.

2. Guthrie, Kevin M. And Wendy P. Lougee (1997) Library Journal 122, 42-44.
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DISTRIBUTION OF PROTEOGLYCANS IN THE HUMAN SCLERA

Petra W. Fox*, Janice Audette, Edward C. Carlson, and Jody A. Rada
Department of Anatomy & Cell Biology, University of North Dakota
School of Medicine & Health Sciences, Grand Forks, ND 58202

The human sclera is a dense connective tissue consisting of collagen, proteoglycans, and non-collagenoyg
glycoproteins. Although the sclera is typically viewed as metabolically inert, serving merely as a framework for
the retina and retinal pigmented epithelium, disorders of the sclera can lead to severe visual impairment.
Preliminary results indicate that the human sclera contains three major proteoglycans; aggrecan, a large
chondroitinvkeratan sulfate proteoglycan, biglycan, a small chondroitin/dermatan sulfate proteoglycan, and
decorin, another small chondroitin/dermatan sulfate proteoglycan. Preliminary results also indicate that the
relative amounts of each of these proteoglycans varies with the age of the sclera, as well as within different
regions of the sclera. The goal of the present study is to localize aggrecan, biglycan and decorin within the
anterior and posterior regions of the human in order to provide background information for future studies on
disorders in which scleral anatomy and mechanical properties are altered.

For light-level immunohistochemistry, samples of anterior and posterior human sclera were embedded and
frozen in OCT compound and sectioned using a cryostat. Frozen sections were mounted on gelatin coated slideg
and were digested with chondroitinase ABC to expose the protein core for subsequent immunolabeling.
Immunostaining was carried out on frozen sections using the TrueBlue immunodetection kit (KPL, Goithersberg,
MD). Scleral aggrecan was localized on tissue sections with an Fab’ fragment specific for the human aggrecan
core protein (generously provided by Dr. Robin Poole, McGill University); biglycan was localized using anti-human
biglycan antibodies (1); and decorin was localized using an antiserum against a synthetic peptide containing the
exon 5 sequence of human decorin (2). Following incubation with the specific antisera, scleral sections were
washed, and incubated with goat anti-rabbit IgG conjugated to horseradish peroxidase. Sections were then
washed, reacted with the TrueBlue peroxidase substrate and counterstained with KPL contrast red. For
immunoelectron microscopy, scleral samples were fixed with 4% paraformaldehyde, dehydrated in n,n-
dimethylformamide and embedded in Lowicryl K4M. Ultrathin sections were mounted onto nickel grids and used
for post-embedding immunolabeling. Grids containing sections of anterior and posterior sclera were incubated
with either anti-aggrecan, anti-biglycan or anti-decorin at 4°C overnight. Grids were then rinsed and incubated
with goat anti-rabbit IgG conjugated to immunogold (30 nm diameter). Grids were rinsed, counterstained with
uranyl acetate and lead citrate, and viewed by transmission electron microscopy.

Immunostaining of sections of human sclera with an Fab’ fragment specific for the core protein of aggrecan
suggested that aggrecan was concentrated on edges of scleral lamellae, with minimal staining within collagen
fiber bundles. In contrast, immunostaining of frozen sections of human sclera with anti-biglycan and anti-decorin
antisera indicated that biglycan and decorin were distributed throughout the thickness of the human sclera, in
close association with most of the collagen fibers. Using immunoelectron microscopy with immunogold, the
ultrastructural distribution of aggrecan, biglycan and decorin could be ascertained. Aggrecan appeared to be
associated largely with non-collagenous material located between bundles of collagen fibrils, while decorin and
biglycan were closely associated with most collagen fibrils, and were not located in spaces between fibril bundles.
Immunogold immunostaining for aggrecan was reduced or largely absent from the anterior sclera as compared
with staining in the posterior sclera.

Conclusions. The different distributions of aggrecan, biglycan and decorin within the human sclera suggest
that these proteoglycans play different roles in regulating the physical and mechanical properties of the sclera.

Supported by a grant from NIH (EY09391, JAR) as well as from the Howard Hughes Undergraduate
Biological Science Education Program (PWF).

1. Roughley, P.J., White, R.J., Magny, M-D, Liu, J., Pearce, R.H., and Mort, J.S. (1993) Biochem J
295, 421.
2. Ramamurthy, P, Hocking, A.M., McQuillan D.J. (1996) J Biol Chem 271, 19578.
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ANTIBIOTIC RESISTANCE AND OTHER VIRULENT FACTORS ASSOCIATED WITH
ESCHERICHIA COLI STRAINS INCRIMINATED IN BOVINE CALF SCOURS

Darren Huber*, Mike Moen®*, Paul Tessmann, and David G. Whitc, Ph.D.
Department of Veterinary and Microbiological Sciences
North Dakota Statc University, Fargo, ND 58102

!;AcK(:ROUNI)

In today’s world of high antibiotic usage in both the medical and agricultural ficlds, bacterial antibiotic resistance is
pecoming a prevalent trend and is causc for concern.  Antibiotic resistant strains of bacleria arc an increasing threat 0
animal and human health, and arc making many of our current antibiotics obsolcte. Compounding this problem is the fact
that many of the more virulent bacterial strains have acquired resistance to multiple, structurally unrclated antibiotics.
often, these resistances arc acquired with alarming case. It is very possible that in the near future certain bacterial strains
could become resistant to the cffects of all known antibiotics.

PURPOSE

The purpose of our research was (o collect data concerning the occurrence of multiple antibiotic resistance among .
coli strains incriminated in bovine calf scours in North Dakota. Bovine calf scours is a condition which afflicts young
calves and is usually characterized by diarrhea and if not treated properly leads to death (1). Enterotoxigenic E. coli
(ETEC) is recognized as the single most important bacterial cause of calf scours. By studying E. coli isolates taken from
scouring calves, we sought to identify trends in antibiotic resistance in addition to screening for several virulence factors
that have recently been identified in pathogenic E. coli strains.

METHODS AND RESULTS

More than 280 samples of E. coli taken from bovine calf scours cases were submitted to the NDSU Veterinary
Diagnostic Laboratory during the year of 1996. Bacterial antibiotic sensitivitics were carricd out using standard antibiotic
disk diffusion assays. Several of the antibiotics tested include: Amikacin, Ampicillin, Naxcel, Gentamicin, Tetracycline,
Vetisulid, Sulfa drugs, Baytril, Lincomycin, Neomycin, and Spectinomycin. E. coli strains were also screencd for the
presence of several virulence factors: K-99 antigen (fimbriae that allow bacteria to adhcre to the gut mucosa); Shiga-like-
toxin genes 1&2 (SLT1, SLT2); enterohcmolysin gene (HLY); and the E. coli attaching and cffacing gene (EAE). Rcsults
showed which antibiotics were most effective and which strains possessed any of the above mentioned virulence factors.

The following data shows the six most effective antibiotics and six Icast effective antibiotics, respectively:

Amikacin 0.7% resistant ~ (2/261) Lincomycin 100% resistant ~ (262/262)

Baytril 7% resistant ~ (12/179) Tetracycline 94% resistant  (246/262)

Naxcel 8% resistant  (21/261) Triple Sulfa 87% resistant ~ (217/249)

Vetisulid 33% resistant (87/260) Neomycin 80% resistant  (209/261)

Gentamicin 35% resistant  (92/262) Ampicillin 77% resistant  (202/262)

Tribrissen 54% resistant (128/261) Spectinomycin 73% resistant ~ (190/261)
CONCLUSIONS

Our testing showed that the drugs (hat are most available have the highest rates of bacterial resistance. This fact is
disturbing because these drugs are oftentimes the first line of defense in combating calf scours. Our data supports the
notion that use of Amikacin, Baytril, or Naxcel, along with electrolyte fluid therapy is the best available treaunent for call
Scours at the present time. The K99 antigen was found in 56% of strains associated with calf scours where as only 8% were
enterohemolysin positive. We feel the best prospect for the future is the development of a greater understanding of how
bacterial antimicrobial resistance occurs in combination with the development and use of effective control strategies.

\
L K. Wohlgemuth (1988). NDSU Extension Service. 15-AS 1-2.
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EFFECTS OF ANNUAL TEMPERATURE CYCLES ON THE EVOLUTION OF TEMPERATURE
PREFERENCE IN FISHES

Jennifer A. Johnson* and Steven W. Kclsch
University of North Dakota, Department of Biology, Box 9019, Grand Forks, ND 58202

Fishes prefer temperatures that reflect those experienced over their recent evolutionary historics and often shify preferreg
temperaturcs through acclimation to environmental temperaturcs. We developed and tested a hypothesis that these lemperagyre.
preference rclationships were related to the amplitude of the annual thermal-cycle experienced by the specics through (hejr
recent cvolution. Species experiencing thermal cycles of relatively high amplitude (temperate specices) and living in regions or
habitats with an cstimated annual (empcerature fluctuation of greater than 5°C (long-cycle) were predicted (o have temperagyr
preference relationships that were positive functions of acclimation temperature. Specices that experience less than 5°C change
in annual thermal amplitude but arc exposed to short-term temperature fluctuations such as daily or weekly (short-cycle), u;ul
specics that normally experience less than 5°C change in cither annual or short-term temperature fluctuations (no-cyclc) were
predicted to have temperature preference relationships that were independent or negative functions of acclimation temperagyre,

Types of habitat and biological information were gathered {rom the litcrature to determine thermal cycles of fishes fron
which temperature-preference relationships were predicted. Published temperature-preference relationships were then cxamineg
to test our predictions. To establish whether observed temperature preference relationships were positive (slope > 0.157),
negative (slope < -0.157), or independent (-0.157 < slope < 0.157) functions of acclunation temperature, we calculated (he
slopes of each observed relationship by performing a regression analysis on centered, In by In transformed data. Our hypothesis
was strongly supported by the synthesis of
studies from the literature (See figure). Of forty-
two species of fish distributed among 11 08 N=32
families, for which both characteristics of I T

thermal cycles and temperature-preference
relationships were available, all exhibited slopes
of temperature-preference relationships in the
range predicted on the basis of their thermal
cycle. Thirty-two species were observed to
experience long thermal cycles, four experienced
no cycles, and six experienced short cycles. The
observed mean slopes, standard deviations (short
bars), and ranges (long bars) for each category
are shown in the figure. Only one of the cleven
familics examined had species that exhibited
different classes of temperaturc-preference
relationships, although four families were -0.2 T | T
represented by only one species. Salmonidae Long-Cycle Short-Cycle  No-Cycle
(trouts and salmons), with eight species,
exhibited temperature-preference relationships
in each of the three classes.

It makes sense that species that experience substantial temperature changes would tend to evolve mechanisms that
increase their metabolic efficiency following temperature change, and those with the time to acclimate would be favorcd to
adjust their temperature preferences over time with exposure to changing temperature. Specics in thermal environments with
low temperature variation would not need to adjust their metabolism or temperature preferences, and those species that expericnce
short-term temperature cycles would evolve broad thermal tolerances that do not require time for acclimation.

With further data analysis we believe that the amplitude of the long-term temperature cycle will also be correlated with the
slope of the temperature preference relationship, and that the amplitude of the short-term temperature cycle will be correlatcd
with the range of thermal tolerance.

This work demonstrates the adaptive nature of temperature-preference behavior and may be useful for predicting
temperature-preference relationships for the majority of species not yet examined in this regard.

0.6 T

Predicted for
s long-cycle species

04

024 .. .. I_ . N= 6 ............ 0.157

Observed Mean Slope

0.0 Predicted for short-
and no-cycle species

Duration of Thermal Cycle
f

PROCEEDINGS OF THE NORTH DAKOTA ACADEMY OF SCIENCE, VOLUME 51, 1997



Co1.1EGIATE COMMUNICATIONS - UNDERGRADUATT 149

PROLACTIN REGULATION OF bcl-2 FAMILY MEMBER GENES, bad, mcl-1, AND bcl-x, IN Nb2-11
RAT LYMPHOMA CELLS

Sheri K. Kochendocrfer*, Donna J. Buckley, Kurt E. Borg,
Hugh Nguyen, Mingyu Zhang, Joshua Krumenacker, and Arthur R. Buckley
Department of Pharmacology and Toxicology, University of North Dakota School of Medicine and Health Scicnces,
Grand Forks, North Dakota 58202-9037

Prolactin (PRL)-dependent rat pre-T Nb2 cell lines, initially derived from an estrogenized male Nb rat, serve as a

werful model for investigation of the mechanisins underlying lactogen-stimulated proliferation. Morcover, recent studics
pave demonstrated the utility of this paradigm for study of molecular cvents Ieading (o programmed ccll death (apoptosis).
In this context, glucocorticoids such as dexamethasone (DEX) activate apoptosis in lactogen-dependent Nb2-11 cclls; the
addition of PRL abrogates the cytolytic actions of DEX in this model presumably duc to its action (o alter expression of
apoptosis SUppressor genes (1). In the present study, we investigated whether the demonstrated inhibition of DEX-activated
apoplosis conferred by PRL reflected altered expression of mcl-1, bel-x,, or bad, Bel-2 family members known (o regulaie
the apoptotic process. Expression of cach Bcl-2 family member was cvaluated in PRL-treated, stationary Nb2-11 cultures
by Northern blot analysis.

Total RNA was isolated from PRL (20ng/ml)-treatcd and control Nb2-11 cells, previously growth-arrested in the Gl
phase of cell cycle, at time intervals ranging from 30 min to 24 hrs. The RNA was then quantitated spectrophotometri-
cally, denatured in formaldchyde, and fractionated on 1% agarose gels, then transferred to Gene Screen Plus (DuPont,
wilmington, DE). Equal loading per lanc was verificd by ethidium bromide staining of 18S and 28S ribosomal RNA which
was visualized and photographed <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>