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CONSOLIDATED MINUTES OF THE
NINETIETH ANNUAL MEETING OF SOUTH

DAKOTA ACADEMY OF SCIENCE, UNIVERSITY OF 
SIOUX FALLS, SIOUX FALLS, SD 8-9 APRIL 2005

 The Executive Council met at noon Friday 8 April 2005 for a final check of 
plans for the meeting.
 President Andy Detwiler opened the executive committee meeting and 
noted that a quorum was present.  
 A copy of the Treasurer’s Report was distributed by Secretary Donna Hazel-
wood for Treasurer Kristel Bakker.  
 Bob Tatina reported for the membership committee and noted that in the 
past, the President presented to the Academy, the number of new members and 
moved that they be accepted.  Bob also suggested that the members be listed in 
the Proceedings by membership category, regular, associate or life, institution 
and discipline. 
 Donna Hazelwood sent out eight award checks for $25.00 each to four 
South Dakota Regional Science Fairs.  The regional science fair coordinators are: 
1) Jodie Ramsay, Northern South Dakota Science and Math Fair; 2) Madeline 
Rose, Eastern South Dakota Science and Engineering Fair; 3) Brian T. Hemmel-
man, High Plains Regional Science and Engineering Fair and 4) Michael Nobel 
Farney, South Central South Dakota Science and Engineering Fair.
 Andy Detwiler reported on an opportunity through the AAAS to provide 
awards to students.  The Academy can provide two types of awards consisting of 
recognition by the Academy and a one year student membership in the AAAS.  
The two types of awards are 1) for high school students and 2) for university 
students.  Bob suggested the awards for high school students rotate among the 
five science fairs to begin 2006.  For the undergraduate award, to be presented 
to one male and one female undergraduate student, Andy Detwiler, Miles Kop-
pang, and Jim Sorenson will judge the poster session, and the winners will be 
announced at the banquet.  Miles proposed that judging for the AAAS under-
graduate awards occur at the Pierre Poster Session and the awardees then be 
invited to present at the SDAS meeting.
 The 2006 annual meeting will be hosted by Dakota Wesleyan University 7 
and 8 April at the Cedar Shore Resort, Oacoma, SD, and will include a sympo-
sium on Energy.  Bob Tatina has signed a contract with Cedar Shore and a block 
of rooms has been reserved at state rates.  The 2007 meeting is scheduled to be 
hosted at South Dakota State University.  
 Bob opened discussion on the proposed 2006 symposium on energy.  Top-
ics suggested included the following: 1) improvements on automobiles energy 
efficiency, 2) wind energy, 3) solar energy, 4) ethanol production and reduction 
of costs in terms of energy, 5) biodiesel, 6) catalyst conversions and fuel cells.  
 The issue of publicity for the Academy was discussed.  It was decided to look 
into creating a position on publicity for the Academy.  Bob noted that sources of 
publicity for the 2006 meeting could include, but not be limited to, the South 
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Dakota Public Broadcasting Forum, South Dakota Magazine and newspapers 
such as the Mitchell Daily Republic.
 The council discussed the possibility of the council becoming proactive on 
issues and distributing resolutions.  One possibility was to create an electronic fo-
rum for voting and distributing results.  The website could serve as the center.  
 The Audit Committee will consist of Bob Stoner, Mark Gabel and Audrey 
Gabel.
 The Nominating committee, Andy Detwiler from SDSM&T, and BobTa-
tina from DWU, will have the following positions to fill, Second Vice President, 
and two members-at-large.  Krisma DeWitt and Bill Soeffing will be going off as 
members-at-large.  
 Registration for the Symposium and Annual Meeting began 8:00 a.m. Fri-
day 8 April, continued again 8:00 a.m. Saturday 9 April.  Steve Chipps and Ken 
Higgins brought Terri Symens to assist with registration. 
 The Symposium on Bird Research in South Dakota was hosted by K.C. 
Jensen and Dave Swanson and included eight presentations.
 Winners of the Undergraduate AAAS awards were Ryan J. Beyer and Melissa 
Toler for the following presentations respectively; Beyer, Ryan J. (UG), Joshua 
Sees (UG), and Michael R. Hildreth, SDSU. “Identification of Larval Habitats 
for Culex tarsalis in Brookings County, South Dakota.”; and Fuller, Melissa A. 
(UG), and William D. Price, MTMC and Marshall University, Huntington.  
“Unraveling Molecular Recognition in Proteins: Protocol Development for the 
MALDI-TOF MS.”.  Ryan and Melissa will each receive a one year membership 
in the AAAS.
 The Plenary Speaker, Lon Kightlinger, South Dakota State Epidemiologist, 
gave a timely presentation on “Transmission and Epidemiology of the West Nile 
Virus in South Dakota and the United States.”
 The business meeting was opened by President Andy Detwiler.  
 President Elect Bob Tatina gave a well received presidential address entitled 
“Scientific Literacy—Brightening a Dim Candle”. 
 Steve Chipps reported on the Proceedings Account.  The account is at the 
break even point.  To stay solvent the membership will need to increase, or, as a 
last resort, the page charge will need to increase.
 Neil Reese reported on the conversion of the Proceedings to PDF files.  Cur-
rently, the 2000-2005 Proceedings which have been converted to a PDF file, but 
are in a single file.  To allow for ease of use, file containing the 2000-2005 data 
will need to be cut into individual years and then each year loaded separately 
onto the database.  Neil requested that he be granted the sum of $500.00 to hire 
a student to accomplish this task.  H.L. Hutchison moved and Jim Sorenson 
seconded that Neil be granted the sum of $500.00 to hire a student to covert the 
single PDF file containing the 2000-2005 Proceedings into separate files by year 
and load the files separately on the database.  The motion carried by voice vote.
 The Resolutions Committee, Miles Koppang and Gary Johnson, proposed 
the following resolutions: 1) thanks to the University of Sioux Falls for hosting 
the event and use of the facilities and to Bill Soeffing and the local planning 
committee as listed in the program for the 2005 Academy meeting; 2) thank 
you to K.C. Jensen and Dave Swanson for facilitating the Bird Research in South 
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Dakota Symposium 3) thank you to Lon Kightlinger for his plenary address 
“Transmission and Epidemiology of the West Nile Virus in South Dakota and 
the United States.” 4) commend Past President Andy Detwiler for his direction 
and leadership 2004-2005, 5) thanks to Terri Symens, Di Drake, and Nancy Pre-
suhn for secretarial assistance and to Terri Symens for assisting with registration 
for the meeting, 6) thanks to Bob Tatina for presidential address on “Scientific 
Literacy—Brightening a Dim Candle” and 7) a special thanks goes to Editors 
Steve Chipps and Ken Higgins for their oversight of timely publication of the 
Proceedings.  Jim Sorenson moved and Neil Reese seconded acceptance of the 
resolutions.  The motion carried by voice vote.
 The Treasurer report was provided by Donna Hazelwood for Kristel Bakker.  
Bob Stoner and Mark Gabel served as Auditing Committee.  Bob Stoner moved 
and Steve Chipps seconded that the treasurer’s report be accepted as amended by 
Bob Stoner.  The motion passed by voice vote.  The CD at Dakotah Bank will be 
allowed to rollover for another term.  
 Outgoing President Andy Detwiler turned the meeting over to President 
Bob Tatina, and presented Bob with the geologist’s hammer which serves as the 
gavel.  Andy noted that the gavel dates back to the 1990’s when Jim Martin was 
President. Bob then presented Andy with a plaque of appreciation for his contri-
butions as President.
 Elections were held for officers for 2005-2006. The nominations committee 
Bob Tatina and Tim Mullican presented the nominations. Miles Koppang moved 
and Jim Sorenson seconded nominations cease and members cast a unanimous 
ballot in favor for Second Vice-President Nels Troelstrup, and for 2005-2007 
member-at-large for Bill Soeffing and Dave Bergmann.  The motion carried by 
voice vote.  
 Bob Tatina gave the presidential address entitled “Scientific Literacy—
Brightening a Dim Candle” which was followed by lively discussion.

 On behalf of the membership committee, President Bob Tatina recommend-
ed that the Academy accept as new members 74 individuals.  Mark Gabel moved 
and Bill Soeffing seconded the motion.  The motion carried by voice vote.  
 Next year DWU will host the 91st annual meeting 7-8 April at Cedar Shore 
Resort. The keynote speaker will address energy issues and we will invite a sym-
posium on energy issues and South Dakota.  Anyone interested in participating 
in the symposium is invited to visit with Bob, Steve, or Donna.
 Steve requested that the Academy provide honoraria for assistance in the 
following amounts to Terri Symens $400.00, Di Drake $100.00, and Nancy Pre-
suhn $100.00.  Neil moved and Donna seconded a motion to give the amounts 
requested. The motion carried by a voice vote.  

Committee positions for 2005-2006 include:
 Membership   to be filled
 Fellows    to be filled
 Resolutions    to be filled
 Nominations   to be filled
 Publicity    to be filled
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 Several items for consideration at the fall meeting of the Executive Com-
mittee were discussed.  1) the 2007 meeting hosted by SDSU; 2) nomination 
of individuals for Fellow; 3) recruitment of new members; 4) a new operations 
manual to replace the one that apparently has been lost; 5) assisting the five 
regional science fairs, providing prizes at the middle school level; 6) the 2008 
meeting hosted by Mount Marty College;7) the format and locations of future 
meetings, 8) the question of raising dues to meet expenses which are exceeding 
revenues for activities such as awards to science fairs and payment of expenses for 
Fellows for lodging and food at Annual Meetings, 9) because EPSCOR funding  
was not renewed, the possibility of cosponsoring the Poster Session in Pierre, 
(Krisma will contact Jan Small), 10) exposure and publicity of the academy, and 
11) forwarding resolutions to Pierre, and 11) creating a Public Relations Position 
on the Executive Committee, 12) the location of future meetings.
 To Recap: the SDAS 2005 Annual Meeting hosted by The University of 
Sioux Falls consisted of a Symposium on Bird Research in South Dakota hosted 
by K.C. Jensen and Dave Swanson Friday 8 April in which eight papers were 
presented.  Following the Symposium, 41 posters were presented.  Thirty-four 
papers were presented during the Contributed Paper Sessions on Saturday.  A 
total of 126 members attended the 2005 Annual Meeting.

Respectfully submitted,
Donna Hazelwood, DSU

SDAS Secretary

SOUTH DAKOTA ACADEMY OF SCIENCE
2005-2006 EXECUTIVE COUNCIL

President Robert Tatina, DWU, Biology, 995-2712
 rotatina@dwu.edu 
President-Elect James Sorenson, MMC, Biology, 668-1581
 jsorenson@mtmc.edu 
First Vice-President Michael Wanous, Augustana College, Biology, 274-4712
 mike_wanous@augie.edu 
Second Vice-President Nels H. Troelstrup, Jr. SDSU, Biology and Microbiology, 688-5503
 Nels.Troelstrup@sdstate.edu  
Secretary  Donna Hazelwood, DSU, Biology, 256-5187
 Donna.Hazelwood@dsu.edu 
Treasurer Kristel Bakker, DSU, Biology,  256-5182
 Kristel.Bakker@dsu.edu  
Proceedings Editor Steve Chipps, SDSU, Wildlife and Fisheries, USGS, 688-5467
 Steven.Chipps@sdstate.edu 
Assistant Proceedings Editor Kenneth F. Higgins, SDSU, Wildlife and Fisheries, USGS, 688-4779
 Terri.Symens@sdstate.edu 
First Past President Andrew Detwiler, SDSM&T, IAS,  394-1995
 Andrew.Detwiler@sdsmt.edu 
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Second Past President Miles Koppang, USD, Chemistry,  677-5693
 mkoppang@usd.edu 
Member-at-Large 2004-2006 John Naughten, NSU, Biology, 626-2456
 naughtej@northern.edu 
Member-at-Large 2004-2006 David Swanson, USD, Biology, 677-6175
 dlswanso@usd.edu 
Member-at-Large 2005-2007 Dave Bergmann, BHSU, Biology, 652-2420
 DaveBergmann@bhsu.edu 
Member-at-Large 2005-2007 Bill Soeffing, USF, Biology, 331-6759
 Bill.Soeffing@usiouxfalls.edu

2005 REGIONAL SCIENCE FAIRS
2005 Regional Science Fair Location: Eastern South Dakota
SDAS Representative: Neil Reese

Student, School Year/Teacher Title of Project

Carter Ahlers/Garrett Carr,
Flandreau Middle School

6th Grade/Gwenda
Gullickson

Where is the Wind Stron-
ger: Country or Town?

Amber Nearman/Courtney Whit-
lock, Elk Point-Jefferson School

7th Grade/Daryl Fletcher Which Soap is the Best?

Emily Gehrke, Garretson Middle 
School

8th Grade/Julie Mueller How to Push Your Horses' 
Buttons

Tim Norling, Centerville Public 
School

8th Grade/James Nelson Generating Power

Jandi Smith, Hamlin Middle 
School

6th Grade/Juli Trowbridge Boiling in Time
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2005 Regional Science Fair Location: High Plains Regional Science and Engineering Fair, 
SDSMT, Rapid City
SDAS Representative: Donna Kliche served as judge

Student, School Year/Teacher Title of Project

Ian Walton, Belle Fourche 
Middle School

8th Grade/Beata Ferris How Do Additives Affect 
Diesel Fuel?

Rebecca Scheetz, Black Hills 
Christian Academy

6th Grade/Jennifer Walker Are Computers Killing Us?

James Paris, Sturgis Williams 
Middle School

6th Grade/Mike Paris
(Sponsor)

Comparison of pH Values 
of Human Mouth at Various 
Times of the Day and Its Ef-
fects on Teeth

Daniel Snyder, Sturgis
Williams Middle School

7th Grade/Ken Snyder
(Sponsor)

Skillful Strategies Save Soil

Brennan Ireland, South 
Middle School

8th Grade/Colleen Schuft Effects of Salinity on Osmosis 
in Paramecium

Charles Wetso/Austin Rasby, 
Dakota Middle School

8th Grade/Sharon Rose Hovercraft

Megan Walk, Belle Fourche 
Middle School

8th Grade/Beata Ferris How Do Stem Cells Affect 
the White Blood Cell Count 
in Rats?

Christopher Massa, West 
Middle School

8th Grade/Ann Hast The Tsunami Trial

2005 Regional Science Fair Location: South Central South Dakota Science and
Engineering Fair
SDAS representative: Jody Strand     

Student School Teacher

Kirsten Jorgensen Winner Middle School Michelle Storms
Beau Bartscher/Taylor
Osterberg/Trevor Reif

McCook Middle School Beth Eickman

Sarah Abdo Marty Indian Middle School Frances Bullshoes
Amanda Engle/Paige Jacomet Wessington Springs Middle 

School
Kelli Schyrock

Kaye Leiferman Kimball Middle School Lori Tonak
Whitney Soles Winner Middle School Michelle Storms
Ryan Hauck Avon Middle School Paul Kuhlman
Spenser Olson/DJ Smith Mitchell Middle School Julie Olson
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2005 Regional Science Fair Location: Northern South Dakota Science and Math Fair 
SDAS representative: Linda Richards, Jodie Ramsay    

Student School Title of Project

Andrew Kim Aberdeen Simmons Middle 
School

School Activities: Academic 
Performance & Happiness in 
School

Erik Kringen Aberdeen Simmons Middle 
School

Shedding Light on Pea Plants

Kody Ebach Aberdeen Simmons Middle 
School

Plant Medium Mania

Andrew Bowar Faulkton Are You Safe?
Kayleen Gupman Faulkton What’s Your Number? Of 

SPF
Carson Stange Warner Liquid vs. Granular
Amanda Finley Northwestern School What’s Hot!  What’s Not!

SOUTH DAKOTA ACADEMY OF SCIENCE
APRIL 7, 2005—PREPARED BY DI DRAKE

Proceedings Disbursements/Receivables

2004 2003 2002 1996-2001 Total

Lay Out Formatting 1,899.75 2,490.35 2,251.25 7,021.50 13,662.85
Publication 3,161.38 * 3,257.53 3,978.76 19,124.47 29,522.14
Reprints 1,000.00 * 1,268.88 1,037.39 5,038.44 8,344.71
Conversion to PDF File 179.75 1,600.00 0 0 1,779.75
Miscellaneous Printing 20.09 31.11 108.47 207.97 367.64
Supplies,Phone,Postage 56.71 192.09 328.61 879.98 1,457.39
TOTAL EXPENSES 6,317.68 8,839.96 7,704.48 32,272.36 55,134.48

TOTAL INVOICED 7,215.00 7,625.00 7,055.00 35,948.00 57,843.00

Profit / Loss to date 897.32 (1,214.96) (649.48) 3,675.64 27,08.52

* Estimate     
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Cash Balance in SDSU-SD Academy of Science Proceedings Account

2004 2003 2002  1996-2001 Total

Total Paid Expenses
Paid by SDAS-Treasurer

(6,317.68) (8,839.96) (7,704.48) (32,272.36)
4,747.13

(55,134.48)
4,747.13

Payments Received
Paid to SDAS-Treasurer

6,105.00 6,940.00 6,780.00 34,394.00
(240.00)

54,219.00
(240.00)

Balance of SDSU Account (212.68) (1,899.96) (924.48) (6,628.77) (3,591.65)

Percent of Paid Invoices 0.85 0.91 0.96 0.96 0.94
Unpaid Invoices 1,110.00 685.00 275.00 1,554.00 3,624.00

Estimated cash on hand after 2004 expenses   $ 3,591.65

REPORT OF THE RESOLUTIONS COMMITTEE

 The membership of the South Dakota Academy of Science thanks the Uni-
versity of Sioux Falls for making its facilities available for the 2005 Academy an-
nual meeting.  A special thank you is extended from the Academy to Bill Soeffing 
and the USF local planning committee for serving as local host and coordinator 
of this year’s meeting.
 The Academy extends its thanks to the program committee for making ar-
rangements for the meeting. The members are: Bill Soeffing, Steve Chipps, Terri 
Symens, Donna Hazelwood, and Andy Detwiler.
 We appreciate the efforts by Kent Jensen and Dave Swanson for organizing 
the symposium “Bird Research in South Dakota.”
 We thank Lon Kightlinger for his lecture “Transmission and Epidemiology 
of the West Nile Virus in South Dakota and the United States.”
 President Andy Detwiler is to be commended for his direction and leader-
ship provided the Academy during this past year.
 Thanks for secretarial help from Terri Symens, Di Drake, and Nancy Pre-
shum. Thanks to Donna Hazelwood for being our Secretary this past year.   
Thanks to Kristel Bakker for serving as our Treasurer.
 Thanks to President-elect Bob Tatina for his presidential address “Scientific 
Literacy – Brightening a Dim Candle”.
 The Academy expresses their thanks to Steve Chipps as Editor of the Pro-
ceedings, and to Ken Higgins as Associate Editor for their dedication in produc-
ing a quality publication.

Respectfully submitted,
Miles Koppang, Chairman

Gary Johnson
Howard Coker
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EXECUTIVE SUMMARY—PROCEEDINGS EDITORS  

 Volume 83 for 2004 totaled 357 pages and the production cost for 200 
copies was $6,317.68.  Our overall Proceedings account balance to date is 
$3,591.65.  Copies have been mailed to all current members, all life members, 
all State libraries and to abstract indexing providers.

Respectfully submitted by:
Steven R. Chipps and Kenneth F. Higgins, Co-Editors
For the South Dakota Academy of Science Proceedings

September 3, 2005

TREASURER'S REPORT 2005
DONNA HAZELWOOD FOR KRISTEL BAKKER

Expenses Income Balance Forward

1 April 2004 Balance forward April 2004   $9,576.99
1 April 2004 Cash for 2004 SDAS meeting $300.00
3 April 2004 Deposit 2004 SDAS meeting  $8,134.00
3 April 2004 Supplies for

Annual meeting
$64.93

28 April 2004 Plover and Tern Meeting $5,770.00
28 April 2004 Plover and Tern Meeting  $6,270.00
28 April 2004 Deposit  $545.00  
3 May 2004 Gary Moulton $3,817.38
3 May 2004 Cedar Shore $5,786.07
7 May 2004 Awards to

Secretaries
$500.00

7 May 2004 DSU Prod. center $82.88
2 June 2004 Secretary of State SD $10.00
25 Sept. 2004 Al’s Oasis $72.00
25 Sept 2004 AmericInn $88.00
7 March 2005 Membership 2005 deposit  $370.00
9 March 2005 Science Fairs 2005 awards $800.00
7 April 2005 Cash for 2005 annual meeting $300.00
7 April 2005 DSU Prod. Center $26.50
Total  $17,617.76 $15,319.00
Balance forward 
7 April 2005

$7,282.83
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PRESIDENTIAL ADDRESS

Scientific Literacy—Brightening a Dim Candle

Address to the South Dakota Academy of Science
University of Sioux Falls, Sioux Falls, SD

April 8, 2005

Presented by Robert Tatina
Dakota Wesleyan University

Mitchell, SD 57301

 In his first presidential address Hilton Ira Jones, the first president of the 
South Dakota Academy of Science, gave some direction as to the nature and 
purpose of such presentations, suggesting that they should “…be a learned and 
serious discussion of some one of the problems of science” (Jones 1917).  True 
to this he chose the lack of appreciation of research in South Dakota, the large 
distances which isolate its researchers and the role of the Academy in ameliorat-
ing these.  He envisioned the annual meetings of the Academy as a place where 
scientists could assemble to share the products of their research.  In providing 
this opportunity, the Academy then would be giving encouragement to its mem-
bership (Jones 1917).  Indeed, the Academy 90 years later could be the issue 
that needs some discussion (for its membership has been graying and declining).  
However, instead of the Academy, I have chosen a larger issue to present, one 
that includes the nation as a whole.  It’s the issue of scientific literacy—or rather 
the seeming lack of it among the general population.  
 While many definitions of scientific literacy exist, each leading to a differ-
ent set of expected outcomes, the one put forth by Rutherford and Ahlgren in 
the AAAS booklet entitled Science for All Americans seems appropriate.  In this 
book, they describe a scientifically literate person as one who “…understands key 
concepts and principles of science; …and uses scientific knowledge and scientific 
ways of thinking for individual and social purposes” (Rutherford and Ahlgren 
1990).
 So are we a nation of science literate citizens?  We should be. After all, sci-
ence courses abound in compulsory education in the US.  In fact, all teenagers 
do take science courses; interestingly, most never take any more than their first 
biology course (National Research Council 1990).  At least they have taken some 
science, and supposedly started that journey of becoming scientifically literate.   
So the focus of my comments today is to 1) present evidence for the prevalence 
of scientific illiteracy, 2) suggest some causes, and 3) offer some remediation 
strategies.
 In support of my hypothesis that we live in a country where scientific il-
literacy prevails I offer the following: 1) There is a general lack of knowledge 
about science.  According to National Science Foundation’s Science & Engineer-
ing Indicators 2004, which is a summary of information garnered from surveys 
and opinion polls, Americans are not very knowledgeable about science.  On a 
test of science facts (like “How long does it take for the Earth to go around the 
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Sun?” “Did the earliest human live at the same time as the dinosaurs?”   And “are 
electrons larger or smaller than atoms?”) administered nationally in 2001, the 
average grade was only 63% (National Science Board 2004).  Support for a lack 
of science knowledge also comes from American College Testing Service which 
recently reported that most (88%) of the 2004 test takers were not prepared for 
college science coursework (American College Testing 2004).
 2) There is a general lack of understanding of how science works. Based 
on the results of an open-ended essay, 2/3 of Americans do not understand the 
processes of science (National Science Board 2004).  As a consequence what may 
often substitute for using the methods of science is blind faith, a tragic example 
of which was described by Timothy Ferris, a writer for the New Yorker Magazine, 
in this anecdote: In order to better view the Hale-Bopp comet, several members 
of the Heaven’s Gate commune purchased a rather expensive telescope in order 
to view an alien spacecraft that they believed followed the comet.  According to 
them, this was the spacecraft that would take them to heaven.  Several days after 
purchasing the telescope, they returned to the store requesting a refund because, 
while they had seen the comet clearly, they could not find the spacecraft.  Their 
logic for returning the telescope went something like this: We believe that an 
alien spacecraft is following Hale-Bopp; observations using a high quality tele-
scope reveal no such craft; therefore the telescope is defective (Ferris 1997).  As 
a postscript, it was the members of Heaven’s Gate that subsequently committed 
mass suicide in California, a tragedy that might have been prevented if, instead 
of questioning a fact, they used the fact to question their supposition.
 3) There is a pervasive acceptance of pseudoscience. Again, from the Science 
& Engineering Indicators 2004, about 50% of the US population believes in 
ESP, about 40% believe astrology to be at least somewhat scientific, and about 
33% believe in lucky numbers (National Science Board 2004).  To make matters 
worse, a recent Gallup poll (Newport & Strausberg 2001) found a significant 
increase in belief in pseudoscience from 1990 to 2001.  But, on a positive note, 
belief in pseudoscience has been shown to decrease with amount of education 
(National Science Board 2004).
 4) There is a reinvigorated challenge to teaching evolution in the public 
school classroom.   In the past 12 months there have been numerous attempts 
across the country by recently emboldened conservative Christians and others 
to remove evolution from the public school science curriculum or to insert the 
ideology of intelligent design.  Nearly every state has experienced proposed legis-
lation or school board challenges to the teaching of evolution.  Although South 
Dakota has been spared, two red flags should be inserted in this state—one for 
the lack in the South Dakota Administrative Rules, laws that governs the con-
tent of teacher education programs, of language requiring that biology programs 
include evolution (South Dakota Legislature 2000).  This omission stands in 
spite of a resolution by the Academy several years ago requiring evolution in the 
preparation of high school biology teachers (Teacher Education 1998).  That 
resolution was sent to the SD Board of Education, entered into its minutes, 
but not enacted. The second red flag comes in the words of our recently elected 
junior senator, John Thune, who favors intelligent design (Ross 2004). 
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 A recent Gallup poll has shown that the majority of Americans does not ac-
cept evolution as the explanation for the origin and diversity of life but instead 
hold to other non-scientific beliefs. To wit, only 33% of Americans believe there 
is sufficient evidence to support evolution, while about 50% believe that humans 
were created about 10,000 years ago (Newport 2004).
 One recent example of antievolution activity that has played prominently in 
the news media occurred in suburban Atlanta. There, in 2002, the Cobb County 
school board passed a resolution to insert the following disclaimer into the inside 
cover of their recently adopted high school biology textbooks: “Evolution is a 
theory, not a fact, regarding the origin of living things.  This material should 
be approached with an open mind, studied carefully, and critically considered” 
(MacDonald 2002).  Fortunately, this resolution was recently ruled unconsti-
tutional in Federal court.  While most enlightened citizens have been opposed 
to this disclaimer, you might agree with Steve Mirsky, who writes for Scientific 
American, that the first sentence about evolution as a theory be deleted, and that 
the second sentence be retained.  Then, instead of requiring this label on the in-
side front cover of biology textbooks, it be placed on the outside of all textbooks 
(Mirsky 2005).
 Paralleling the challenges to evolution in the classroom is the report that 
some Imax theaters and science museums will not show material that deals with 
evolution (Dean 2005).
 If, as this evidence suggests, scientific literacy in the US is being eroded and 
undermined, what, then, are the causes?  Rutherford and Ahlgren (1990), who 
lay part of the blame at the doorstep of education, list the following four fac-
tors:  1) “Few elementary school teachers have even a rudimentary education in 
science….” This may be the case in South Dakota, where elementary education 
majors are required to take a minimum of three courses in science for certifica-
tion.  2) Many science teachers have “crushing teaching loads.”  In a 1996 survey 
of its members, the National Association of Biology Teachers found that almost 
half of the teachers claimed the lack of time to be the greatest obstacle to doing 
more laboratory investigations (Merrill 1996).   In smaller school districts one 
science teacher may be the entire science department, expected to teach physical 
science, biology & chemistry and perhaps physics.  In addition teachers suffer 
from two other humiliations: low salary and low prestige.  In fact, in a recent 
issue of Popular Science Magazine, public school science teacher was listed as one 
of the worst jobs in science because of “no budget, no equipment, no lab….” 
(Speed Weed 2004). 3) Science textbooks hinder science literacy.  Evaluations of 
these have found four general faults: a) they contain too many new and unneces-
sary vocabulary words; b) they offer “too little clear exposition of fundamental 
concepts,” (National Research Council 1990); c) they are often “either mislead-
ing or incorrect” (National Research Council 1990), and d) they are reader un-
friendly.  Unfortunately, in many science classrooms, the textbook is the course 
(National Research Council 1990).  Compounding this are studies reporting 
that most science teachers are satisfied with their textbooks (National Research 
Council 1990).  4) Present science curricula suffer from too much breadth and 
not enough depth.  This problem exists because for science textbooks to appeal 
to the broadest market, publishers feel that they must cover the whole of the dis-
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cipline.  In doing this, they sacrifice depth of treatment, which, I believe, would 
facilitate understanding. 
 What can be done to ameliorate this lack of scientific literacy?  Because I do 
not have solutions to all of these problems, let me focus on just the first and last 
of these.  
 Suggestion 1.  For the problem of elementary school teachers who are under 
prepared in science:  How about a science specialty elementary ed teacher?  One 
who has fewer courses in language, music, art, social studies, reading, etc. and 
more courses in science.  It would be their responsibility to plan and implement 
the science lessons for the elementary grades in a district and/ or to train their 
colleagues.  Alternatively, or in addition, provide more incentives for teachers at 
both elementary and secondary levels to take summer science workshops and/or 
to pursue the next higher degree in science or science education. 
 Suggestion 2.  To counter pseudoscience and antievolution beliefs, begin all 
science courses with a deep, rich set of experiences that exemplify the scientific 
enterprise so that students understand how science invents new knowledge.  
Then every time a new concept is introduced, show how scientists arrived at 
this piece of knowledge.   Hopefully, when students leave such a course, they 
will have a firm grounding in what constitutes science, how it works and what 
its limits are.  Perhaps if they knew how to recognize science from non-science, 
there would be fewer battles over evolution in public school biology classes and 
less reliance on pseudoscience to explain natural phenomena.
 Suggestions 3. Center the science curriculum about those concepts, theories 
and principles which are the big ideas in and are fundamental to the discipline.  
In biology that would be the theory of evolution by natural selection, DNA 
theory, cell theory, germ theory of disease, etc.  National science standards nicely 
cover these (National Resource Council 1996).
 At this point I wish I could say that all of these suggestion are new and 
novel.  They are not—sadly, they have been around for decades, printed and 
reprinted (McComas 2004).  Now they need to be implemented. But where do 
we start with all this?  Where else but our teacher education programs.  These 
should include larger doses of the philosophy and methods of science—visited 
and revisited in all of their science courses.  This also should be the main focus 
of the content tests that determine entry into the profession.  
 I hope that I have come close to meeting Dr. Jones’ purpose for a presiden-
tial address.  My challenge, as I close, comes from the late Carl Sagan, who did 
much to bring science to the general public.  In The Demon-haunted World, he 
wrote keep lit the “candle in the dark” (Sagan 1996).  I say--make it glow even 
brighter.  

LITERATURE CITED

American College Testing 2004. ACT Newsroom National Data Release. August 
18, 2004.  http://www.act.org/news/release/2004/8-18-04htm (accessed 2 
February 2005).



Proceedings of the South Dakota Academy of Science, Vol. 84 (2005) 17

Dean, C. 2005. A new screen test for Imax: It’s the Bible vs. the volcano. New 
York Times. March 19.

Ferris, T. 1997. The wrong stuff. The New Yorker 73(8): 31.
Jones, H.I. 1917. Presidential address. Proceedings of the South Dakota Acad-

emy of Science 1916 1:20-25.
MacDonald, M. 2002. The origin of life: A textbook case in Cobb County. The 

Atlantic Journal and The Atlantic Constitution, pF1, April 14.
McComas, W.F. 2004. Keys to teaching the nature of science.  The Science 

Teacher 71(9):24-27.
Merrill, C. 1996. Education survey results. National Association of Biology 

Teachers News & Views: 6 (April)
Mirsky, S. 2005. Sticker shock. Scientific American 292(2): 104.
National Research Council. 1990. Fulfilling the promise. National Academy 

Press, Washington, DC. pg 1-2.
National Research Council. 1996. National science education standards. Na-

tional Academy Press, Washington, DC.
National Science Board. 2004. Science and engineering indicators 2004.  

NSB04-01. National Science Foundation, Washington DC. www.nsf.gov/
sbe/srs/seind04/start.htm. (accessed 5 February 2005).

Newport, F., and M. Strausberg. 2001. Americans’ belief in psychic and paranor-
mal phenomena is up over last decade. Gallup News service. Poll Analysis, 
8 June. http://www.gallup.com/poll/content/login.aspx?ci=4483 (accessed 
10 January 2004)

Newport, F. 2004. Third of Americans say evidence has supported Darwin’s 
evolution theory.  19 November, 2004.  http://www.gallup.com/poll/con-
tent/login.aspx?.ci=14107.  (accessed 28 February 2005). 

Ross, D. 2004. Religion key in Senate race. Rapid City Journal 10-29-04.  www.
rapidcityjournal.co/articles/2004/10/29/news/local/news002.text (accessed 
22 February 2005)

Rutherford, F.J., & A. Ahlgren. 1990. Science for all Americans. Oxford Univer-
sity Press. New York.

Sagan, C. 1996. The demon-haunted world. Ballantine Books, New York.
South Dakota Legislature.  2000.  Administrative Rules 24:16:08:16. 7-12 science 

education program.  http//legis.state.sd.us/rules/2416.htm#24:16:08:16 
(accessed 20 February 2005)

Speed Weed, W. 2004. The worst jobs in science: the sequel. Popular Science 
265(5): 78.

Teacher Education. 1998. Proceedings South Dakota Academy of Science 
77:234-235.





Proceedings of the South Dakota Academy of Science, Vol. 84 (2005) 19

Complete Senior Research Papers

presented at

The 90th Annual Meeting

of the

South Dakota Academy of Science





Proceedings of the South Dakota Academy of Science, Vol. 84 (2005) 21

FIELD EVALUATION OF AN INDIRECT
METHOD TO ESTIMATE SATURATED

HYDRAULIC CONDUCTIVITY

D.W. DeBoer
Department of Agricultural and Biosystems Engineering

South Dakota State University
Brookings, SD 57007

R.G. TeKroney
Ground Water and Drainage Group

U.S. Bureau of Reclamation
Denver, CO

ABSTRACT

 Obtaining accurate saturated hydraulic conductivity values for drainage 
system design purposes is time consuming and expensive. A unique, indirect es-
timation method based on visual inspections of undisturbed soil cores from un-
measured soil sites by six persons and previously measured nearby conductivities 
explained about 50 % of the variations in subsequently measured conductivity 
data values. The indirect method produced a mean estimated conductivity value 
that was 28 % smaller than the mean measured value.

Keywords

Conductivity, estimated, field, hydraulic, indirect, saturated

INTRODUCTION

 Accurate measurements or estimations of saturated soil hydraulic conduc-
tivities are critical for the optimum design of subsurface drainage systems. Drain 
spacing relationships are of marginal value without the availability of reliable 
conductivity data. Estimation of field hydraulic conductivity values for soils 
found in the Lake Plain area in the northern part of the James River Valley of 
east-central South Dakota is the subject of this paper.
 An irrigation project, designated as the Oahe Unit, was proposed for the 
Lake Plain area (Bureau of Reclamation, 1973). One unique project feature of 
the proposed irrigation project was the simultaneous installation of a subsurface 
drainage system and a water distributions system before actual water deliverance 
to the project area. Soils in the Lake Plain area were derived mainly from silty 
lacustrine (lakebed) sediments. Project lands were designated for areas where 
sediments varied from 3 to 12 m in thickness overlying a glacial till. Drainage 
system installation prior to project water delivery was deemed necessary because 
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drainage system construction costs were anticipated to be prohibitive after the 
establishment of a water table due to unstable coarse silt materials and very fine 
sand located about 2 m below the soil surface. 
 In response to the need for pre-water delivery installation, the Bureau of 
Reclamation assigned a team of drainage engineers to assess the drainage char-
acteristics of Lake Plain soils. Since direct in-place measurements of saturated 
hydraulic conductivity is a laborious and expensive process, the Bureau initiated 
a special program to evaluate an indirect method for conductivity estimation. 
The objective of this paper is to assess the feasibility of using a visual inspection 
of undisturbed Oahe Unit soil samples and knowledge of previously measured 
values from nearby sites to estimate field hydraulic conductivities.

PREVIOUS WORK

 Indirect methods of soil hydraulic conductivity estimation have been used 
for many years  with initial approaches based on utilizing physical properties to 
estimate conductivity. Baver (1939) found a correlation between pore-size dis-
tribution and hydraulic conductivity. Aronovici (1946) established a correlation 
between percent sand and hydraulic conductivity for silt loam to sandy soils in 
the Imperial Valley of California. Incorporation of detailed field description of 
soil structure along with soil pores and texture was used as the basis for place-
ment of soils into seven permeability classes ranging from very slow (less than 
0.03 m/d) to very rapid (6.0 m/d or more) for soils at 182 locations in the USA 
(O’Neal, 1952). A more recent study by Suleiman and Ritchie (2001) dealing 
with the use of effective soil porosity (total porosity minus field capacity) to es-
timate saturated hydraulic conductivity shows a great deal of promise.
 Direct methods have been used to assess the accuracy of indirect methods. 
Auger hole and pump-in (sometimes called well permeameter) methods are rou-
tinely used for measuring soil hydraulic conductivity in the field. Both methods 
have the limitation of evaluating a relatively small soil volume and conductivity 
values reflect predominately horizontal flow characteristics (Bouwer and Jackson, 
1974). Results of previous studies have shown that the pump-in method pro-
duces smaller conductivity values than the auger hole method and that the auger 
hole values compare favorably with drain line derived conductivities (Table 1). 
The ratio of pump-in to auger hole values was found to be approximately 0.50 
by DeBoer (1979) and Talsma (1960 and 1987) and 0.85 by Winger (1960). 
The DeBoer (1979) research site, located within the Oahe Unit area, contained 
a laminated silty clay loam soil above an unconsolidated coarse silt loam mate-
rial. An auger hole and pump-in comparison was done in the upper laminated 
portion of the soil profile while the drain line (falling water table condition) and 
pump-in comparison was done in both segments of the profile because the drain 
line was positioned in the lower unconsolidated and unstable part of the profile. 
The Lembke (1967) study site was adjacent to the DeBoer site and a ponded, 
steady state condition was used to determine the drain line conductivity. 
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Table 1. Comparison of pump-in, auger hole and drain line derived hydraulic conduc-
tivities under field conditions.

Reference Pump-in Auger Hole

Broughton and Tu (1975) ~ 0.5 drain line
Camp (1976) ~ 1.0 drain line
DeBoer (1979) ~ 0.5 auger hole

~ 1.0 drain line
DeBoer and Johnson (1967) ~ 1.0 drain line
Hoffman and Schwab (1964) ~ 2.0 drain line
Johnson et al. (1963) ~ 1.0 drain line
Lembke (1967) ~ 0.7 drain line
Talsma (1960, 1987) ~ 0.5 auger hole
Winger (1960) ~ 0.85 auger hole

MATERIALS AND METHODS

 Bureau of Reclamation drainage engineers with a minimum of two and a 
maximum of four years field experience conducted the field drainage investiga-
tions (Bureau of Reclamation, 1974). Drill crews initiated the field investigations 
by digging pilot bore holes that were logged and used to delineate areas where the 
subsoils appeared to be uniform for “in-place” hydraulic conductivity tests. One 
criterion used in the selection of a test site was that it contained at least a 0.75 
m horizon of uniform soil because the conductivity tests were conducted with a  
0.6 m test zone and required a minimum of 0.15 m of the same uniform soil 
below the bottom of the test zone. Test zones varied from 1.2 to 5.7 m below 
the soil surface.
 Very few of the field conductivity tests were conducted where water tables 
or saturated soil conditions were present when single auger pump-out tests were 
used. Shallow well pump-in tests (constant head) were used to obtain saturated 
hydraulic conductivities in the absence of water table conditions (Bureau of Rec-
lamation, 1978). Hence, the data sets used in this paper should be considered as 
pump-in data sets. Ten-centimeter diameter holes were used for all field tests.
 Five-centimeter diameter, undisturbed soil cores from the center of the  
0.6 m test zone were used for inspection by the field drainage engineers to make 
estimates of saturated hydraulic conductivity values. Each of six individuals 
made an estimate of the conductivity before each field test was conducted. Re-
sults of completed tests were then made available to the engineers before another 
test was initiated. The engineers were provided an opportunity to develop their 
estimation skills during the 1972 field season. Field data sets composed of mea-
sured and estimated conductivity values collect during 1973 and 1974 were used 
for this paper. Even though the field data sets are about 30 years old, reliable data 
sets such as these that reflect unchanging field conditions are difficult to obtain.
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RESULTS AND DISCUSSION

 Drainage engineer estimates explained 51% (R2 = 0.51) of the 1973 and 
1974 measured field data on the average (Table 2). The average standard de-
viation (error) of estimate for all six regression relationships was 0.164 m/d. 
A plot of the 1973 and 1974 data sets for person #1 is presented in Figure 1. 
A large portion of the data points lay below the line of equality (1:1) which 
indicates that estimated values tended to be smaller than measured values. This 
estimate bias for person #1 is evident when the mean of the measured data set is  
0.300 m/d while the mean of the estimated data set is 0.224 m/d for a difference 
of -0.076 m/d (Table 2). All six persons had data sets similar to the person #1 
data set with an overall average of 0.302 m/d for the measured values, 0.215 m/d 
for estimated values and a difference of -0.086 m/d. This -0.086 m/d difference 
represents about 28 % of the measured mean value. Such an under (conservative) 
estimate of hydraulic conductivity would be expected to produce a 15 % reduc-
tion in drain line spacings. In addition, standard deviation values of the engineer 
estimated data sets were consistently smaller than the measured hydraulic con-
ductivity data sets (Table 2).

Table 2.  Measured and estimated hydraulic conductivities “K” (m/d) for the 1973 and 
1974 data sets.

PERSON

DATA 
SET 
SIZE

REGRESSION
MEASURED "K"

DATA SET
ESTIMATED "K"

DATA SET

DELTA 
"K"

STD 
DEV 

FROM 
1:1 

LINER2

STD
DEV MEAN

STD 
DEV MEAN

STD
DEV

1 555 0.52 0.187 0.300 0.434 0.224 0.269 -0.076 0.313
2 468 0.58 0.158 0.303 0.453 0.224 0.243 -0.078 0.320
3 469 0.44 0.189 0.303 0.460 0.224 0.252 -0.079 0.358
4 472 0.41 0.178 0.302 0.461 0.212 0.233 -0.090 0.369
5 504 0.63 0.127 0.304 0.450 0.207 0.209 -0.097 0.325
6 483 0.49 0.145 0.299 0.451 0.201 0.204 -0.098 0.353

MEAN 0.51 0.164 0.302 0.452 0.215 0.235 -0.086 0.340
   

There was consistency among the engineer-estimated values with a range of 
0.201 to 0.224 m/d and an overall average of 0.215 m/d. A concentration of data 
values exists for measured values of 1.0 m/d or less. Figure 2 shows a magnified 
view of the 1974 data using values less than 1.0 m/d for person #1. The under 
estimate bias is also evident for these values at the smaller end of the data spec-
trum with a mean estimated value of 0.240 m/d in contrast to a mean measured 
value of 0.317 m/d. A similar trend was found for the 1973 data set.
 The 1974 data were recorded and grouped into 21 weekly data sets for time 
trend analyses. It was assumed that the drainage engineers would have honed 
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their estimation skills after their 1972 and 1973 field experiences. Variations in 
mean weekly measured and estimated conductivity values for person #1 are il-
lustrated in Figure 3 with values ranging from 0.1 to 0.6 m/d. Mean estimated 

Figure 1. Estimated hydraulic conductivity values for person #1 versus measured conduc-
tivity values using the combined 1973 and 1974 data sets.

Figure 2. Estimated hydraulic conductivity values for person #1 versus measured conduc-
tivity values of less than 1.0 m/d for the 1974 data set.
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values are consistently equal to or less than measured values. Standard deviation 
of estimate errors are also presented in Figure 3 with large variations in values 
ranging from 0.05 m/d for weeks 5 and 12 to 1.0 m/d for week 3. The large 
standard deviations are associated with measured values equal to or greater than 
0.5 m/d. Data sets for the other five persons were similar to the person #1 data 
set. No time trends with regards to changes in standard deviations of estimated 
errors are evident from the data presented in Figure 3 which indicates a lack of 
estimation improvement over time.
 Engineer-estimated hydraulic conductivity values tended to be conservative 
when compared with measured pump-in derived values, which will cause design 
drain line spacings to be smaller than if measured values were used. In addition, 
pump-in values on the average, tend to be much smaller than auger hole derived 
conductivity values (Table 1). So a drainage system designed on the basis of 
pump-in and/or engineer-estimated conductivity values would have a probability 
of success due to the conservative nature of the average conductivity values.
 While the smaller “engineer-estimated” values were on the conservative side, 
natural variations in soil conditions can only be accommodated by measuring the 
conductivity for a soil mass larger than that represented by a 5-cm soil core. The 
drain line method (Hoffman and Schwab , 1964) produces an integrated con-
ductivity value over a large soil volume while the auger-hole methods measure 
the conductivity for a soil mass many times the size of a soil sample. An indirect 
method, such as presented in this paper, should only be used by drainage profes-
sionals who have extensive field experience. 

Figure 3. Mean measured and estimated weekly hydraulic conductivity values and stan-
dard deviation of estimated error for person #1 and the 1974 data set.
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ABSTRACT

 The Lake Andes-Wagner/Marty (LAW/M) proposed irrigation project 
(16,000 ha; 40,000 ac) area in south-central South Dakota contains soils with 
high electrical conductivity (EC) and selenium (Se) levels. A field study of the 
LAW/M project area was conducted during 1993 and 1994 to define the magni-
tude of EC and Se concentrations in soils derived from glacial till and collapsed 
drift geologic materials.
 No statistical differences in Se concentrations were found between the geo-
logic materials. Total Se concentrations increased significantly with soil profile 
depth, with average concentrations increasing from 929 ppb at the soil surface 
(0.0 to 0.5 m; 0.0 to 1.6 ft) to 1684 ppb at the 2.0- to 3.0-m (6.6- to 9.9-ft) 
depth. Readily available Se concentrations (has potential to move with water) 
also increased significantly with depth and varied from 72 ppb at the surface to 
662 ppb at the lower depth, a nine-fold increase. 
 EC values varied significantly from 1.4 dS m-1 at the soil surface to  
6.1 dS m-1 at the 1.0- to 3.0-m (6.6- to 9.9-ft) depth, with similar values for 
both geologic materials. However, sodium adsorption ratio (SAR) values were 
significantly different for the two geologic materials and changed from 1.1 and 
2.4 for the top 0.5 m (1.6 ft) of the soil profile to 3.9 and 4.9 at the 2.0- to 
3.0-m (3.3- to 9.9-ft) depth for the till and collapsed drift materials, respectively. 
Selenium concentrations were not correlated with soil EC or percentages of sand, 
silt, and clay. Soil bulk densities and water holding capacities were measured for 
four selected soils. Field measured, saturated hydraulic conductivity values had 
mean values of 1.1 and 3.5 cm h-1 (0.43 and 1.38 in h-1) for the till and collapsed 
drift, respectively.

Keywords

 Electrical conductivity (EC), hydraulic conductivity, Lake Andes-Wagner, 
selenium (Se), sodium adsorption ratio (SAR)
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INTRODUCTION

 Impacts of non-point source pollution on receiving waters are a critical is-
sue facing irrigated agriculture. Several national organizations such as the U. S. 
Committee on Irrigation and Drainage (Summers and Anderson, 1986) and the 
National Research Council (1989) have specifically addressed irrigation water 
quality issues and acknowledged the establishment of a new paradigm regarding 
the utilization and maintenance of our natural resources.
 Irrigation-induced selenium (Se) problems at the Kesterson National Wild-
life Refuge in central California during the early 1980s focused the attention of 
the public on an interaction between irrigated agriculture and water quality in 
downstream terminal water bodies (Letey et al., 1986). Selenium contamina-
tion received the spotlight because of its negative impact on wildlife. Soluble Se 
moves with soil water and often exits an irrigated area with subsurface drainage 
waters. Therefore, drainage return flows can pose a Se quality problem to receiv-
ing waters.
 The Lake Andes-Wagner/Marty II (LAW/M) Project (Bureau of Reclama-
tion, 1985) is a proposed 16,000-ha (40,000-acre) irrigation project in south-
central South Dakota (Figure 1). The project area is located adjacent to and east 
of the Missouri River where the river becomes the border between Nebraska 
and South Dakota. Previous drainage investigations of the Project area indicated 
that most of the irrigated Project lands will require subsurface (closed) drains to 
provide favorable soil water and salt balances for sustained irrigated conditions. 
In addition, Se has been detected in Project soils (Wilson et al., 1990; Doolittle 

Figure 1. Location of geological materials within the boundaries of the Lake Andes-Wag-
ner Project area and the two soil sample transects used in the field investigation.
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et al., 1995). Hence, questions regarding the quality of return flows from the 
proposed LAW/M project area can affect the viability of the project.
 A field study was initiated in 1993 to assess selected chemical and physical 
characteristics of LAW/M Project area soils. Specific objectives of the study were 
to:
 1. Measure selected chemical characteristics (available, conditionally avail-
able, and total Se, electrical conductivity (EC), sodium adsorption ratios (SAR), 
and pH) of Lake Andes-Wagner/Marty Project area soils, and
 2. Measure selected physical characteristics (bulk density, soil water hold-
ing capacity, and hydraulic conductivity) of selected Lake Andes-Wagner/Marty 
Project soils.

METHODS

 Soil samples were collected along two orthogonal transects as illustrated in 
Figure 1. Each orthogonal transect consisted of east-west and north-south com-
ponents. Transect A was positioned in the till area west of Choteau Creek and 
Transect B was located east of Choteau Creek in collapsed drift geologic mate-
rial. Soil samples were collected at sites about every 0.2 km (1/8 mile) along the 
transects. Transect A contained a total of 131 sample sites with 72 sites (14.3 km, 
8 7/8 miles) in the north-south direction and 59 sites (11.8 km, 7 1/4 miles) in 
the east-west direction, while Transect B had a total of 133 sample sites with 83 
sites (16.7 km, 10 3/8 miles) in the north-south direction and 50 sites (9.9 km, 
6 1/8 miles) in the east-west direction.
 Four soil sample depths were used in the investigation: 0.0 to 0.5 m, 0.5 to 
1.0 m, 1.0 to 2.0 m, and 2.0 to 3.0 m (0.0 to 1.6 ft, 1.6 to 3.3 ft, 3.3 to 6.6 ft, 
and 6.6 to 9.9 ft). Soil samples were collected with a Giddings hydraulic soil cor-
ing probe and a 76-mm (3-in) diameter core tube to a depth of 1.0 m (3.3 ft). A 
51-mm (2-in) diameter core tube was used for the 1.0- to 2.0-m depth (3.3- to 
6.6-ft) and a 41-mm (1.6-in) diameter core tube was used for the 2.0- to 3.0-m 
(6.6- to 9.9-ft) depth. 
 Selenium (Se) analyses were grouped into three operationally defined frac-
tions (available, conditionally available, and unavailable Se) (Chao and San-
zolene, 1989). Available Se and conditionally available Se were extracted from 
the same soil sample. Available Se was defined as 0.1 M KH2PO4 extractable 
and includes the H2O-soluble and nonspecifically adsorbed selenate and the ex-
changeable, specifically adsorbed selenite. Conditionally available Se was defined 
as 4M HCL-extractable, which is the Se associated with oxide minerals (Fe, Mn, 
and Al), amorphous minerals, carbonates, acid-volatile sulfides, and acid-hydro-
lyzable organic matter. The Se in this fraction is not readily available; however, 
it has the potential to become available with changes in pH or redox potential. 
Total Se was determined from a separate sample using a mixed acid digestion 
(Briggs and Crock, 1986). Unavailable Se was calculated as the difference be-
tween total Se and the sum of the available and conditionally available Se.
 Electrical conductivity (EC) values were determined by a method presented 
by Rhoades (1982). Likewise, sodium adsorption ratio (SAR) values were deter-
mined by standard laboratory methods given by Rhoades (1982). 
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 Soil water retention data were collected from two sample sites of a Highmore 
silt loam (Fine-silty, mixed, superactive, mesic Typic Argiustolls), one site of an 
Ethan loam (Fine-loamy, mixed, superactive, mesic Typic Calciustolls), and one 
site of an Eakin silt loam (Fine-silty, mixed, superactive, mesic Typic Argiustolls) 
that were located in the collapsed drift material east of Choteau Creek. Soil clas-
sification details were provided by the Natural Resources Conservation Service 
(Soil Survey Staff, 2004). Undisturbed soil cores 39-mm (1.5-in) in diameter and 
14-mm (0.55-in) high, except those below the 2.0-m (6.6-ft) depth, which were 
29-mm (1.1-in) in diameter and 16-mm (0.63-in) high, were used in the study. 
Soil textures were determined by using the USDA soil texture classification sys-
tem and the hydrometer method to define the clay fraction (Gee and Bauder, 
1986). Bulk density was determined by the core method using the Giddings 
hydraulic probe soil samples (Blake and Hartge, 1986). An Eijkelkamp tension 
table was used to determine soil water contents for matric potentials equal to 
or greater than -0.01 MPa (-0.1 bar) and a pressure plate apparatus was used 
for matrix potential values from -0.02 to -1.5 MPa (-0.2 to -15.0 bars) (Klute, 
1986). Field measurements of saturated soil hydraulic conductivities were made 
by Bureau of Reclamation engineers using pump-in, pump-out and piezometer 
test procedures (Bureau of Reclamation, 1978) and were reported as weighted 
values (Bureau of Reclamation, 1985). The till and collapsed drift data sets con-
tained 77 and 65 values, respectively.
 All statistical analyses were conducted using a SAS Institute (1999) com-
puter program and a statistical significance of P ≤ 0.05.

RESULTS AND DISCUSSION

Chemical Properties

 Selenium. A summary of Se concentration values for both the till and 
collapsed drift materials is presented in Table 1. An analysis of the Se data sets 
disclosed that “outlier” data values in all of the data sets were responsible for 
the large standard deviation values. For example, the removal of five data values 
(about 2 % of the 264 total data set values) reduced the overall Se mean value 
of the readily available data set from 72 to 54 ppb and the standard deviation 
from 134 to 29 ppb. Maximum values of 974 and 1766 ppb Se (about 13 and 
25 times the mean Se value) in the till and drift data sets, respectively, greatly 
impacted the statistics of the data sets. These large or “outlier” data values were 
removed from the data sets used in a companion paper (DeBoer, 2005), but all 
data values were kept in the data sets used in this reported paper. Thus, most of 
the mean and standard deviation values are different from each other in the two 
papers.
 An ANOVA showed that all till material means were not statistically differ-
ent from all collapsed drift means because of relatively large standard deviations 
associated with the data sets. However, total Se concentrations significantly 
increased with depth in the profile, as shown in Table 2. Total Se concentration 
values ranged from 929 ppb for the top sample depth to 1684 ppb at the deepest 
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depth, a two-fold increase. No significant difference was detected between means 
of the top two depths but means of the top two depths were different from 
means of the lower two depths.  
 Readily available Se concentrations also increased significantly with depth 
for both geologic materials with mean readily available concentrations increasing 
from 72 to 662 ppb, a nine-fold increase (Table 2). The 72 ppb mean for the 0.0-
0.5 m (0.0-1.6 ft) depth was significantly different from the other three depths 

Table 1. Statistical summary of selenium (Se) concentrations (ppb) for the till and col-
lapsed drift geologic materials. 

Depth (m)

Readily Available
Conditionally 

Available Unavailable Total

Mean (Standard Dev) Mean (Standard Dev) Mean (Standard Dev) Mean (Standard Dev)

Till
Collapsed

Drift Till
Collapsed

Drift Till
Collapsed

Drift Till
Collapsed

Drift

0.0 - 0.5 73 71 224 260 666 562 963 894
 (110) (153) (154) (101) (306) (257) (427) (336)

0.5 - 1.0 306 211 408 440 318 314 1033 965
 (673) (417) (359) (272) (236) (237) (971) (631)

1.0 - 2.0 693 501 572 567 217 278 1482 1346
 (1132) (740) (370) (410) (294) (604) (1414) (1228)

2.0 - 3.0 689 634 742 735 263 305 1694 1674
 (965) (1073) (494) (525) (254) (305) (1330) (1410)

0.0 - 3.0 524 425 544 550 324 340 1391 1316
 (727) (615) (300) (290) (151) (247) (977) (900)

Each till and collapsed drift value represents 131 and 133 data values, respectively.

Table 2. ANOVA results for the selenium (Se) data sets.

 
 

Depth (m)

Readily
available Se

Conditionally
available Se Unavailable Se Total Se

Mean 
(ppb)

Signif-
icance-
Groupa

Mean 
(ppb)

Signifi-
cance-
Groupa

Mean 
(ppb)

Signifi-
cance-
Groupa

Mean 
(ppb)

Signifi-
cance-
Groupa

0.0 - 0.5 72 A 242 A 614 A 929 A
0.5 - 1.0 259 B 424 B 316 B 999 A
1.0 - 2.0 597 C 570 C 248 C 1414 B
2.0 - 3.0 662 C 739 D 284 B C 1684 C
0.0 - 3.0 475  547  332  1354

a Means (each derived from 264 data values) with the same letters are not different from each 
other.
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and the 259 ppb mean for the 0.5-1.0 m (1.6-3.3 ft) depth was also significantly 
different from the other three depths, but there was no difference between the 
597 and 662 ppb values for the two lower depths. 
 Conditionally available Se concentrations also increased significantly with 
depth where the mean concentrations varied from 242 ppb for the 0.0- to 0.5-m 
(0.0- to 1.6-ft) depth to 739 ppb for the 2.0- to 3.0-m (6.6- to 9.9-ft) depth, a 
three-fold increase (Table 2). All four depths had significantly different mean val-
ues. It appears that readily and conditionally available Se fractions have eluviated 
from the upper one meter of the soil profile to lower depths over time. Table 2 
also shows the decrease in unavailable Se concentrations with depth. Unavailable 
Se concentrations averaged 614 ppb at the upper depth to 284 ppb at the deepest 
depth. For practical purposes, one can consider unavailable Se concentrations for 
the 0.0- to 0.5-m (0.0- to 1.6-ft) depth to be different from values for the 0.5- to 
2.0-m (1.6- to 6.6-ft) depth.
 Selenium concentration values for a composite (depth weighted) soil profile 
are also illustrated in Table 2. A representative 3-m soil profile has mean concen-
trations of 475 ppb (35 %) readily available Se, 547 ppb (40 %) conditionally 
available Se, 332 ppb (25 %) unavailable Se, and 1354 ppb total Se concentra-
tions.
 Further analysis of the Se data sets (Table 2) shows that 8 % of the total Se 
in the top one-half meter (1.6 ft) of the soil profile is in the readily available form 
and increases to about 40 % of the total Se concentration for the bottom meter 
(3.3 ft). Average total Se values of 26 and 42 % would be representative for the 
0.5-1.0 m (1.6-3.3 ft) and 1.0-2.0 m (3.3-6.6 ft) depths, respectively. Twelve 
percent of the readily available Se, 20 % of conditionally available Se, and 47 % 
of unavailable Se were found in the top one meter (3.3 ft) of the 3-m (9.9-ft) soil 
profile. 
 A relationship between readily available Se and total Se concentrations in 
3-m (9.9-ft) composite profiles for the combined till and collapsed drift ma-
terial data sets is illustrated in Figure 2. A quadratic equation (Y = 0.189X +  
9.2*10-5X2) with an R2 value of 0.84 was developed to approximate the rela-
tionship. Since the relationship is concaved upward, it is an indication that an 
increasing percentage of total Se concentration is in the readily available form 
as total concentrations increase in value. For example, the quadratic relationship 
indicates a readily available Se value of 281 ppb (28 % of the total) at the 1000 
ppb total Se concentration value and a corresponding readily available Se value of 
1395 ppb (47 % of the total) for a total Se concentration value of 3000 ppb. A 
line with a 0.75 slope through the origin can be used to approximate the upper 
bound for the data set, which means that a maximum of 75 % of the total Se in 
a 3-m (9.9-ft) soil profile could be in the readily available form. 
 Spatial variability of total and readily available Se concentrations appear 
to exhibit random patterns as shown in Figures 3 and 4 for the north to south 
portion of the transect in the glacial drift material. All Se fraction data sets at all 
depths had similar spatial patterns. Comparable spatial variability was also found 
for the drift data sets. Doolittle et al. (1995) found Se spatial dependence varied 
from 0.9 to 7.5 km (0.56 to 4.67 mi) for the Se data set parameters based on the 
results of a geostatistical analysis.
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Figure 2. Relationship between readily available and total selenium concentrations for 
a 3-m composite soil profile and the combined till and collapsed drift glacial material 
data sets.

Figure 3. Total selenium concentrations for 3-m composite soil profiles along the north 
to south leg of the transect in the collapsed drift material.
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 Electrical conductivity. No soil electrical conductivity differences were 
found between the two geologic materials, with an overall depth-weighted mean 
value of 5.0 dS m-1 for the soil profiles. Soil salinity significantly increased with 
depth as evidenced by the results of an ANOVA (Table 3) with electrical conduc-
tivity values varying from 1.4 dS m-1 for the upper soil layer to 6.1 dS m-1 for the 
bottom two meters of the soil profile. Removal of “outlier” data values (DeBoer, 
2004) reduced electrical conductivity values for the top soil layer to 1.2 dS m-1 

but had no influence on the other conductivity values.

Figure 4. Readily available selenium concentrations for 3-m composite soil profiles along 
the north to south leg of the transect in the collapsed drift material.

Table 3. ANOVA results for electrical conductivity (EC), sodium adsorption ratio (SAR), 
and pH data sets.

 
 

Depth (m)

Electrical
conductivity (EC)

Sodium adsorption
ratio (SAR) pH

 
Mean

(dS/m)

Signifi-
cance

Groupa

 
Mean

Signifi-
cance

Groupa

 
Mean

Signifi-
cance

Groupa

0.0 - 0.5 1.4 A 1.8 A 7.90 A
0.5 - 1.0 4.0 B 2.7 B 7.83 A
1.0 - 2.0 6.1 C 4.2 C 7.68 B
2.0 - 3.0 6.1 C 4.4 C 7.68 B
0.0 - 3.0 5.0  3.6  7.74

a Means (each derived from 264 data values) with the same letters are not different from 
each other.



Proceedings of the South Dakota Academy of Science, Vol. 84 (2005) 37

 Sodium adsorption ratio. Likewise, the sodium adsorption ratio (SAR) 
also increased with depth for both geologic materials in a manner similar to the 
electrical conductivity data set (Table 3, Figure 5).  However, there was a statisti-
cal difference between the data set mean values of 2.7 and 3.9 for the till and 
collapsed drift materials, respectively. Till SAR values varied from 1.1 for the top 
depth to 3.9 for the 2.0 to 3.0-m (6.6 to 9.9-ft) depth while collapsed drift values 
ranged from 2.4 for the 0.0 to 0.5-m (0.0 to 1.6-ft) depth to 4.9 for the lower 
two depths. A representative 3-m (9.9-ft) soil profile would have depth-weighted 
mean SAR values of 3.0 and 4.2 for the till and collapsed drift materials, respec-
tively (Figure 5).
 pH. The ANOVA of the pH data set showed statistical significance for 
soil depth, geologic materials, and an interaction between depth and material. 
Data set mean pH values of 7.81 and 7.72 for till and collapsed drift materials, 
respectively, were different from each other. Mean values for the top two soil 
depths were similar to each other as were the bottom two soil depths, but the 
top two depth values were different from the bottom two depth values (Table 3). 
The significant interaction was produced by equal values for the top depth but 
consistently different values for the other three depths. Even though statistically 
significant differences were found within the pH data set, differences among 
depths and geologic materials are numerically small.
 Readily available Se and EC. An analysis of the correlation between read-
ily available Se and EC for composite (0 to 3-m, 0 to 9.9-ft) or depth-weighted 

Figure 5. Distribution of sodium adsorption ratio (SAR) values with soil depth and a  
composite 3-m soil profile for the collapsed drift and till glacial material data sets.
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profiles produced a correlation index (R2) value of 0.37 between the two data 
sets (Figure 6). Both geologic materials had similar correlation index values of 
0.35 and 0.39 for the till and collapsed drift, respectively. A regression analysis 
produced a relationship (Y = 17.1X2) with an R2 value of 0.40 for the data set. 
Readily available Se concentrations tend to be small, less than 250 ppb, when 
EC values are less than 4 dS m-1 for both materials. However, one can expect a 
wide range of readily available Se concentrations for soils where electrical con-
ductivity values are more than 4 dS m-1. These same trends were evident for the 
individual soil layers (not shown) as well, except that all Se concentrations were 
small, mostly less than 250 ppb for the top 0.5-m (1.6-ft) data sets.

Physical Properties

 Soil texture and Se.  One previous study of Se in glacial till in South Dakota 
(Searight and Moxon, 1945) implied that the silt fraction could represent that 
portion of the soil particle spectrum that would contain the largest percentage 
of Se. A textural analysis was completed for soil samples taken from the 2.0- to 
3.0-m (6.6- to 9.9-ft) depth in the collapsed drift region. This sample depth was 
below any vertical clay illuviation associated with normal soil genesis and was 
assumed to be representative of soil parent material. 
 Correlations between total Se concentrations and percent sand, silt, and clay 
were investigated (Table 4). No useful correlations, with R2 values ranging from -0.04 
for sand to 0.02 for clay, were found for the total Se data set. An analysis of the read-

Figure 6. Readily available selenium versus electrical conductivity for a 3-m composite 
soil profile and the combined till and collapsed drift glacial material data sets.
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ily available Se data set produced similar results for the relationship between readily 
available Se concentrations and sand, silt, and clay percentages (Table 4). 
 Bulk density. Bulk density values for four soil sites were representative of 
a normal agricultural soil (Figure 7). Line discontinuities represent soil samples 
that were used for other components of the physical properties analysis. The 
Highmore silt loams exhibit an increase in bulk density between the 60- and 
100-cm (24- and 40- in) depths while the Eakin silt loam displays a similar in-
crease between the 30- and 90-cm (12- and 36- in) depths. The Ethan loam site 
did not exhibit this characteristic. Bulk density values varied from about 1.4 to 
1.6 g cm-3 for depths ranging from 50 to 290 cm (20 to 115 in). 
 Soil water retention. Soil water retention data were collected from two dif-
ferent Highmore silt loam sites, one Ethan loam site, and one Eakin silt loam 
site in the collapsed drift material. A maximum of seven replicates was collected 
at each site. If available soil water can be defined as that portion between -0.02 
and -1.5 MPa, available soil water in the top 90 cm (3 ft) of the profile averaged 
9 and 13 % for the Highmore sites, 16 % for the Ethan site, and 17 % for the 
Eakin site (Table 5). For till of such texture, expected available soil water con-
tents would be between 15 and 19 %. The Ethan and Eakin values are reasonable 
but the Highmore values appear to be low and should be checked under field 
conditions.
 Saturated hydraulic conductivity. There was a significant difference be-

Table 4.  Correlation index (R2) values between total and readily available selenium and 
sand, silt, and clay percentages.

Sand % Silt % Clay %

Total selenium -0.04 (n = 57) 0.02 (n = 59) 0.02 (n = 59)
Readily available selenium -0.04 (n = 56) 0.02 (n = 59) 0.01 (n = 59)

Figure 7. Soil bulk density versus soil depth for four selected soils.
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tween the conductivities of the till and collapsed drift materials with mean values 
of 1.1 and 3.5 cm h-1 for the till and collapsed drift, geologic materials, respec-
tively. There also was a greater range of conductivity values for the collapsed 
drift which had a maximum value of about 10 cm h-1 in contrast to a maximum 
value of about 5.0 cm h-1 for the till material. Standard deviations of the hydrau-
lic conductivity data sets were 3.5 cm h-1 for the collapsed drift material and  
1.1 cm h-1 for the till material. A companion paper (DeBoer, 2005) contains 
parameter values for log-normal probability density functions that can be used to 
describe the magnitude and frequency of hydraulic conductivity values.
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ABSTRACT

 Nitrogen is commonly the limiting nutrient in eastern South Dakota im-
poundments.  Therefore, we measured the effect of nitrogen (urea) fertilizer 
application on primary production, prey availability, and yellow perch growth 
in experimental and control ponds.  Fertilization increased nitrogen levels and 
stimulated primary production in experimental ponds.  However, effects of 
fertilizer application on zooplankton and benthic invertebrate abundances were 
minimal.  Yellow perch growth was highest in ponds with increased abundance 
of Daphnia spp. and CerioDaphnia spp. and least in ponds with low zooplank-
ton abundance and smaller zooplankton.  Increased primary production should 
have resulted in increased invertebrate prey biomass and improved yellow perch 
growth.  Further research is necessary to fully understand the effects of inorganic 
nutrient manipulations on yellow perch growth in eastern South Dakota hill 
ponds.

INTRODUCTION

 In the first year of life, prey availability and size are often the most important 
biotic factors affecting survival and growth rates of yellow perch (Ney and Smith 
1975; Mills et al. 1989b).  Growth of age-0 yellow perch has been related to the 
abundance of Daphnia spp. (Noble 1975; Mills et al. 1989a) and Daphnia spp. 
size structure (Lott et al. 1998).  Growth of adult yellow perch has also been 
related to the proportion of benthic invertebrates in the diet (Lott et al. 1996).  
Zooplankton and benthic invertebrate abundances in wetlands are often medi-
ated by nutrient concentrations and primary production (Wetzel 2001).  
 Fish culture ponds are commonly treated with inorganic or organic fertil-
izers to maintain adequate nutrient concentrations and a high N:P ratio (Culver 
et al. 1993).  Controlled fertilization stimulates primary production to support 
an abundant zooplankton population, while reducing densities of blue-green 
and filamentous green algae (Culver et al. 1993).  High N:P ratios (>10:1) and 
low concentrations of phosphorus (< 30 µg/L) and nitrogen (< 750 µg/L) favor 
macrophyte growth over phytoplankton communities (Wetzel 2001).  Lower N:
P ratios (< 7:1) and/or high phosphorus concentrations favor blue-green algae 
and filamentous green algae, which are largely inedible to zooplankton (Culver 
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et al. 1993).  In phosphorus-limited systems, phosphate fertilizers are commonly 
used and in nitrogen-limited systems ammonium fertilizers or urea are com-
monly used.  Generally, inorganic fertilizer is applied in small amounts to reduce 
eutrophication potential (Culver et al. 1993).    
 Natural production of yellow perch Perca flavescens within small semi-per-
manent wetlands in eastern South Dakota is highly variable.  Many factors have 
been attributed to variable natural production, including lack of food availability.  
Thus, the objective of this study was to measure the effect of fertilizer application 
on primary and secondary (invertebrate prey abundance) production, and yellow 
perch growth.     

METHODS

 This study was conducted in four small impoundments located 9.5 miles 
northeast of Brookings, South Dakota, in the Deer Creek watershed.  The sur-
face area of each pond was measured by mapping the shoreline using a handheld 
Global Positioning Satellite (GPS) unit (Trimble GeoExplorer 3).  Coordinates 
and depths at points along three parallel transects were also recorded on the GPS 
unit to calculate pond volume.  The area and volume were then calculated using 
the XTools extension in Arcview 3.2.  The surface areas of the ponds were ap-
proximately 0.16 (pond B), 0.32 (pond C in 2002; B in 2003), 0.34 (pond D), 
and 0.47 (pond A) ha.  The volumes of the ponds were approximately 5,800 (B), 
13,950 (C,B), 15,950 (D), and 27,350 (A) m3 and the maximum depths were 
1.8 (B), 2.4 (C,B), 2.1 (D), and 2.7 (A) m, respectively.  In 2003 a new pond 
(C) with a surface area of 0.25 ha was used instead of the smallest pond (B) from 
2002.  All four ponds were drained in the fall of 2001 and 2002 to remove all 
fishes and allowed to naturally refill the following spring.
 Two of the four ponds (A, B) were fertilized in the summer of 2002 and 
2003.  Fertilizer was applied to attain high N:P ratios (>10:1), but not to exceed 
concentrations of 600 µg N/L and 30 µg P/L (Culver et al. 1993) (Table 1).  
Urea (46-0-0) was used to increase nitrogen concentrations and maintain a high 
ratio of nitrogen to phosphorus.  Phosphorus was not limited and therefore no 
applications of phosphorus were made.  Two ponds (C, D) were not fertilized to 
serve as controls for comparison with the fertilized ponds.  Nutrient concentra-
tions were measured and N:P ratio calculated prior to the first fertilization and 
weekly thereafter.
 In April 2002, each pond was stocked with approximately 20,240 yellow 
perch eggs per surface ha.  Initially, three subsamples were taken from yel-
low perch skeins for egg enumeration.  Each subsample was weighed and the 
number of eggs counted to calculate an average number of eggs per mL.  The 
number of eggs stocked was determined volumetrically using a 250-ml graduated 
cylinder.  The eggs were collected from a lake adjacent to the four ponds and 
transported in a 19-L pail to each pond. The eggs were placed in wooden boxes 
(0.37 m2) suspended above the sediments with a large-mesh screen bottom and 
a fine-mesh screen top.  In 2003, small yellow perch fingerlings were stocked 
instead of egg skeins.  Fingerlings were collected from Little Brush wetland and 



Proceedings of the South Dakota Academy of Science, Vol. 84 (2005) 45

stocked at a rate of 1,000 per surface acre in each pond at the end of June.  Initial 
length and weight were determined from 50 individuals.  Fingerlings were ap-
proximately 46 mm (SE = 0.3, range 41-51 mm) long and weighed 0.95 g (SE = 
0.02, range 0.64-1.36 g) at the time of stocking.  At the end of the experiment 
(October) yellow perch were removed using lighted cloverleaf traps and at least 
30 individuals from each pond were weighed and measured.  
 Zooplankton and benthic invertebrates were sampled weekly to measure 
changes in size structure, taxa abundance, and diversity.  Zooplankton were col-
lected using a 2-m integrated column sampler (75-mm diameter, DeVries and 
Stein 1991) and filtered through a 63-µm plankton net.  Samples were collected 
at three random locations within each pond and preserved with 5% Lugol’s 
solution (Lind 1985) and stored in whirlpacks.  Preserved zooplankton samples 
were diluted to 30 mL.  Three 1-mL subsamples were drawn and zooplankton 
were enumerated and identified to family or genus.  Up to 20 individuals from 
each taxon were measured to the nearest 0.01 mm.  Zooplankton densities were 
expressed as number/m3 of water.
 Benthic invertebrates were sampled using an Ekman dredge (0.023 m2).  
Four samples (two inshore, two offshore) were collected within each pond week-
ly.  Each sample was sieved through a U.S. No. 30 mesh screen and preserved 
in a solution of 90% ethanol and rose bengal.  Samples were sorted in the lab 
and all benthic invertebrates were enumerated and identified to order or family.  
Benthic invertebrate densities were expressed as individuals/m2.  
 Water quality parameters were measured weekly to monitor changes within 
each pond.  Water temperature, dissolved oxygen (DO), oxidation reduction 
potential (ORP), turbidity, nitrate-nitrogen, and ammonia-nitrogen were mea-
sured at 0.5 m intervals (surface to bottom) using a handheld YSI Model 650 
multi-parameter display system.  Transparency was measured using a secchi disk.  
Water samples were collected using the column sampler at the deepest point in 
each pond.  The samples were stored in dark bottles on ice for transport back to 
the lab.  Soluble reactive phosphorus (SRP) was determined immediately using a 
Hach DR 2000 spectrophotometer.  A 500-mL portion of each water sample was 
frozen and sent to the SDSU Water Resources Institute to determine concentra-
tions of total Kjeldahl nitrogen (TKN) and total phosphorus (TP).  Chlorophyll 
a was collected by filtering a known volume of water through a 0.7-µm glass mi-

Table 1.  Urea applications (kg/ha) by date in fertilized ponds, 2002 and 2003.

DATES

2002 5/14 5/23 5/31 6/6 6/24 8/8

Pond A 96 39 51 43 9 21
Pond B 25 146 0 0 19 31

2003 6/16 7/8 7/18 7/28 8/6 8/13 8/21 8/27 9/5

Pond A 40 10 0 10 10 10 10 10 5
Pond B 34 11 7 14 7 14 14 7 7
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cro-fiber filter (47-mm diameter).  The filters were placed in aluminum foil and 
frozen, pending analysis.  Filters were placed in vials with 10 mL of magnesium 
carbonate (MgCO3) supernatant (10-g MgCO3 diluted to 100 mL with distilled 
water) and acetone solution (10-mL supernatant with 90-mL acetone).  Samples 
were stored for 24 h in a refrigerator to allow sufficient time for chloroplast lysis.  
Chlorophyll a concentration was determined using a Turner Design 700 Fluo-
rometer.

RESULTS

 Nutrient-mediated responses, 2002:  In both fertilized ponds (A,B) N:P 
(TKN:TP) ratios remained high (> 8:1) throughout the summer (Figure 1).  In 
both control ponds (C,D) N:P ratios remained high (> 7:1) until late June when 
they began to decline (Figure 1).  In both fertilized ponds, nitrogen (TKN) 
concentrations increased with urea application and reached higher levels than in 
the control ponds; however, concentrations in the fertilized ponds (e.g., pond B) 
quickly decreased during periods when urea was not applied (Figure 2).  Phos-
phorus (TP) concentrations varied between fertilized and control ponds (Figure 
2).  All four ponds would be classified as mesotrophic to eutrophic based on 
nitrogen (750 to 1875 µg/L) and phosphorus (30 to 85 µg/L) concentrations 
(Wetzel 2001).    

Figure 1. Total nitrogen to total phosphorus ratios (N:P) for fertilized and control ponds, 
2002 (left panel) and 2003 (right panel).
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 Chlorophyll a concentrations reached higher levels in both fertilized ponds 
and reached hyper-eutrophic (>100 µg/L) levels in pond A during July (Figure 
2).  Ponds B, C, and D had lower chlorophyll concentrations (<25 µg/L) than 
pond A and would be classified as mesotrophic (4.7 µg/L) to eutrophic (14.3 
µg/L)(Wetzel 2001).  Increases in chlorophyll a concentrations coincided with 
increases in nitrogen and phosphorus concentrations in all four ponds (Figure 2).  
Turbidity (NTU) levels were highest in pond A (Table 2).  Ponds B, C, and D 
had similar turbidity readings.  Dissolved oxygen readings near the bottom were 
reduced in ponds A and C (Table 2).  Other water chemistry variables are shown 
in Table 2.   
 Zooplankton abundances and composition fluctuated throughout the sum-
mer in all four ponds (Figure 3).  Apparent effects of fertilization on zooplankton 

Figure 2. Concentrations of total Kjeldahl nitrogen (TKN), total phosphorus (TP), and 
chlorophyll a in fertilized (A, B) and control (C, D) ponds, 2002 (left panel) and 2003 
(right panel).
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abundances were minimal.  In all four ponds nauplii and copepods were abun-
dant throughout the year.  Daphnia spp. were present in ponds B, C, and D early 
in the year but were not found in the samples past mid-July.  Ceriodaphnia spp. 
were also present in samples from pond B, C, and D, and abundances increased 
in late summer.  Rotifers were most abundant in pond A.  
 Benthic invertebrate abundances also varied throughout the summer in all 
four ponds and fertilization effects apparently were minimal (Figure 4).  Chi-
ronomids and amphipods were most abundant benthic invertebrates in all four 
ponds.  Amphipod abundances increased in all four ponds in June and early July.  
Ephemeropterans, odonates, and trichopterans were also found in all four ponds, 
but in lower abundances.

Figure 3. Dominant zooplankton taxa densities in fertilized (A, B) and control (C, D) 
ponds, 2002 (left panel) and 2003 (right panel).
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 Yellow perch survived through fall in only one of the four ponds (Pond C) 
in 2002.  Decreased survival likely resulted from low spring water temperatures 
and/or poor hatching success.  In mid-October, 518 yellow perch were removed 
from pond C.
 Nutrient–mediated responses, 2003:  N:P ratios in the two fertilized ponds (A, 
B) were below optimal levels (7:1) for most of the experiment (Figure 1).  In the 
control ponds N:P ratios remained above 7:1 in pond C, but decreased below 
7:1 in pond D at the end of July.  Nitrogen concentrations increased at times in 
both fertilized ponds, which should have resulted in increased N:P ratios (Figure 
2); however, phosphorus concentrations also increased, resulting in the low N:
P ratios.  Nitrogen concentrations reached higher levels in both fertilized ponds.  
Phosphorus concentrations in all four ponds were eutrophic (>85 µg/L) during 
most of the summer (Figure 2).   

Figure 4. Benthic invertebrate density in fertilized (A, B) and control (C, D) ponds, 2002 
(left panel) and 2003 (right panel).
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Table 2.  Mean monthly values for water quality parameters (temperature (Temp), dis-
solved oxygen (DO), oxidation reduction potential (ORP), turbidity (nephelometer tur-
bidity unit, NTU) in fertilized and control ponds, in 2002 and 2003.  Measured at 0.5 m 
below surface (except DO bottom).

 
Temp  

ºC
DO 

(mg/L)
DO

bottom pH ORP
NO3 

(mg/L)
NH3 

(mg/L)
PO4 

(mg/L) NTU

Pond A                                                                       2002

May 14.6 - - 8.5 263 1.16 0.012 0.21 -

June 23.1 15.7 0.6 7.7 80 2.62 0.021 0.05 -

July 25.7 8.6 0.3 7.9 170 2.12 0.015 0.45 12.7

August 21.3 9.3 2.9 8.3 203 1.47 0.020 0.55 10.8

Pond B

May 14.3 - - 8.0 262 0.66 0.014 0.14 -

June 22.2 10.0 8.7 8.0 201 0.74 0.017 0.05 -

July 25.5 10.1 7.1 8.1 183 0.55 0.006 0.09 6.3

August 21.0 9.2 7.7 8.1 225 1.08 0.005 0.15 5.8

Pond C

May 13.7 - - 7.9 220 0.56 0.004 0.27 -

June 21.4 9.6 2.1 7.8 227 0.31 0.007 0.08 -

July 24.5 6.5 1.0 7.8 242 0.68 0.006 0.74 6.6

August 21.3 5.9 3.1 7.8 203 1.48 0.004 0.96 6.1

Pond D

 May 15.2 - - 8.2 264 0.52 0.008 0.15 -

June 22.9 9.9 5.1 8.2 131 0.41 0.017 0.16 -

July 26.7 8.4 4.0 8.2 105 0.87 0.022 0.51 6.1

August 21.8 9.2 7.9 8.3 203 1.07 0.011 0.34 5.4

Pond A                                                                       2003

June 22.0 9.7 0.7 7.9 200 0.67 - 0.02 9.4

July 24.3 6.6 4.1 8.1 240 1.16 - 0.62 4

August 24.7 8.7 1.8 8.6 175 1.55 - 1.12 9.1

Pond B

June 20.5 6.7 1.7 7.5 219 0.86 - 0.07 3.6

July 22.7 4.5 3.7 7.7 290 1.07 - 1.17 0.7

August 22.8 - 0.3 7.6 276 0.46 - 2.74 3.3

Pond C

June 21.6 13.5 9.4 8.4 210 0.98 - 0.03 4.0

July 23.4 7.2 7.2 8.5 239 1.15 - 0.22 1.0

August 23.4 7.2 6.8 8.3 131 2.92 - 0.39 1.4

Pond D

June 22.5 13.7 13.5 8.2 186 0.77 - 0.05 3.2

July 23.9 8.8 8.9 8.5 245 0.84 - 0.39 0.0

August 24.9 9.1 9.3 8.9 161 1.96 - 0.78 0.0
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 Chlorophyll a concentrations increased in both fertilized ponds toward the 
end of the experiment (Figure 2).  The increases in both ponds corresponded 
with increased nutrient concentrations.  In control ponds, chlorophyll a concen-
trations remained low (< 20 µg/L) for the entire experiment (Figure 2).  Chloro-
phyll a concentrations in both fertilized ponds reached higher levels than the two 
control ponds.  Turbidity was highest in pond A (Table 2).  Dissolved oxygen 
concentrations were lower in both fertilized ponds near the bottom (Table 2).  
Other water chemistry variables are described in Table 2.   
 Zooplankton abundances and composition varied among all four ponds 
(Figure 3).  Nauplii and copepods were abundant in all four ponds, throughout 
the experiment.  Ceriodaphnia spp. were found in all four ponds but were in 
lower abundance in the fertilized ponds.  Daphnia spp. were present in ponds 
B, C, and D; however, abundances of Daphnia spp. declined in the two control 
ponds in the beginning of July.  Rotifers were most abundant in fertilized pond 
A throughout the experiment.  
 Benthic invertebrates were most abundant in the control ponds throughout 
the experiment (Figure 4).  Chironomids and amphipods were the most abun-
dant benthic invertebrates in all four ponds.  Chironomid abundances generally 
declined through the summer, while amphipod abundances increased.  Ephem-
eropterans, odonates, and trichopterans were present but in low abundances in 
all four ponds.
 Growth of fingerling yellow perch was highest in pond B (fertilized), fol-
lowed by pond C (control) at the end of the experiment (Table 3).  Yellow perch 
in ponds D (control) and pond A (fertilized) had similar, but lower growth.  
Survival was highest in control ponds (Table 3).

Table 3.  Growth in length (mm) and weight (g) and survival (%) of yellow perch in fertil-
ized and control ponds, 2003.

Fertilized Control

 Pond A Pond B Pond C Pond D

Initial length 46 (0.3) 46 (0.3) 46 (0.3) 46 (0.3)
Final length 112 (1.2) 121 (1.2) 117 (0.8) 110 (1.0)
Difference 66 75 71 64

Initial weight 1.0 (0.0) 1.0 (0.0) 1.0 (0.0) 1.0 (0.0)
Final weight 17.4 (0.6) 24.6 (0.8) 21.0 (0.5) 17.5 (0.5)

Difference 16.4 23.6 20.0 16.5
 

Number stocked 1160 780 610 850
Number removed 716 556 504 635

Survival (%) 62 71 83 75
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DISCUSSION

 Fertilizer application had similar effects on nutrient concentrations and 
primary production during the two years of the study.  Nitrogen concentrations 
increased with urea application.  However, concentrations of nitrogen quickly 
declined during periods when fertilizer was not applied.  This indicates that fer-
tilizer needs to be applied frequently to maintain high nitrogen concentrations.  
This response has been commonly observed in other studies (Boyd 1979).  Phos-
phorus concentrations also increased with fertilization.  In both fertilized ponds, 
low dissolved oxygen levels near the bottom may have induced a phosphorus re-
lease from the sediments and contributed to lower N:P ratios.  Although N:P ra-
tios were less than 10:1, phytoplankton abundances increased in fertilized ponds.  
Increased primary production however, had minimal effects on zooplankton and 
benthic invertebrate abundances. Only rotifer abundance in pond A during the 
two years of the study appeared to be influenced by fertilizer application. We also 
observed a decrease in blue-green algae abundance with fertilization.  
  All four ponds in the experiment would be considered mesotrophic to 
eutrophic based on phosphorus (> 26.7 µg/L), nitrogen (> 753 µg/L), and 
chlorophyll (> 4.7 µg/L) concentrations observed during the growing season 
(Wetzel 2001).  This causes some concern over whether fertilizing these ponds 
could potentially have a negative impact on the zooplankton populations.  High 
concentrations of phosphorus (> 85 µg/L) and nitrogen (> 1,875 µg/L) favor 
systems dominated by phytoplankton (Wetzel 2001).  This condition may cause 
increased turbidity, reduced light penetration, reduced macrophyte abundance, 
and reduced grazing pressure by large zooplankton (Wetzel 2001).  In 2002, 
large additions of fertilizer and increased phosphorus concentrations in pond A 
resulted in hyper-eutrophic chlorophyll a concentrations.  More frequent, small 
additions of nitrogen fertilizer may better stimulate phytoplankton production, 
while reducing the risk of eutrophication.  
 Past studies indicated that yellow perch growth is related to the abundance of 
Daphnia (Mills et al. 1989a) and that slower growth was observed among age-0 
yellow perch in years when Daphnia spp. abundances decreased in late summer 
(Noble 1975; Mills and Forney 1981).  In 2002, Daphnia spp. abundances natu-
rally declined mid-summer in the three ponds (1fertilized, 2 control) in which 
they were found.  Only pond B (fertilized) in 2003 had Daphnia spp. present 
throughout the experiment.  Coincidently, yellow perch growth was highest in 
pond B.  Daphnia spp. populations declined mid-summer in control ponds (C, 
D) in 2003 and yellow perch growth was lower than in pond B.  Growth rates 
were second highest in pond C, which had an abundant Ceriodaphnia spp. popu-
lation.  Growth rates were lowest in control pond D and fertilized pond A.  Pond 
A, which also had the lowest survival, was dominated by smaller zooplankton 
(rotifers and nauplii) and the total zooplankton abundance was lower than the 
other three ponds.  Pond A was unique from the other ponds in that turbidity 
was higher.  This may have reduced the abundance of large zooplankton.        
  In systems with high concentrations of nitrogen and phosphorus, fertilizer 
application may increase phytoplankton and zooplankton production, decrease 
production of blue-green algae, and lead to increased yellow perch growth.  
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However, results from this study were inconclusive and further research is nec-
essary to fully understand the effects of inorganic fertilization on yellow perch 
growth in eastern South Dakota ponds.  If a nitrogen fertilizer is applied to sys-
tems with high concentrations of nitrogen and phosphorus, it should be applied 
frequently and in small amounts to maintain high concentrations of nitrogen 
while reducing the risk of eutrophication.
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ABSTRACT

 The chemical solution of limestone and dolomite is a major factor in the ero-
sion of carbonate terrain. Solutes, consisting primarily of calcium, magnesium, 
and bicarbonate, are removed by thirteen large springs in the Black Hills whose 
average discharge totals 6.66 m3/s. The product of discharge and total dissolved 
load (TDS) concentration of each of the thirteen springs discharging from the 
Madison Limestone and Minnelusa Formation totals 188 million kg annually. 
Cascade Spring and Crow Creek remove almost half of this mass. Recharge to 
the carbonate belt occurs not only from precipitation but also from disappearing 
streams; the product of discharge and TDS concentration for eighteen major 
disappearing streams adds 18 million kg/year of solutes to ground water in the 
carbonate belt.  The difference between the spring discharge and stream recharge 
is 170 million kg/year. Dissolved load carried downdip through the aquifer is 
estimated at 26 million kg/year. The total resulting load removed from the car-
bonate belt is 196 million kg/year. This value provides an estimate of the chemi-
cal weathering over the 2,948 km2 outcrop area of the Paleozoic carbonate belt. 
Using a simple model wherein calcium, magnesium, and bicarbonate solutes 
originate from the solution of 280 m thick dolomite, the rate of lowering of the 
land surface by chemical solution is 1.55 cm per 1,000 years. 

Keywords 

Weathering, land denudation, geochemistry, dolomite, carbonate 

AREA OF INVESTIGATION

 During the past decade the U. S. Geological Survey (USGS) has made a 
concerted effort to collect hydrologic data for the Black Hills area. This paper 
primarily uses discharge and water quality data published by the USGS to deter-
mine the dissolved load from the Paleozoic carbonate rocks.  From these data, the 
chemical weathering and rate of denudation of the landscape can be evaluated.
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 The Black Hills is a Laramide domal uplift whereby erosion of the overly-
ing Paleozoic and Mesozoic sedimentary rocks exposed the Precambrian core of 
metamorphic and igneous rocks. The sedimentary strata now dip gently away 
from the Precambrian core. The focus of this study is the belt of Paleozoic car-
bonate rocks consisting of two units: the Mississippian Madison Limestone and 
the Pennsylvanian Minnelusa Formation (Figure 1).  The Madison Limestone 
consists largely of massive dolomite and dolomitic limestone. This unit contains 
many caves including Jewel Cave and Wind Cave, the second and third longest 

Figure 1. Geological map of the Black Hills (from USGS). The Paleozoic carbonate aqui-
fer is highlighted.
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caves in the nation. The Minnelusa Formation consists of interbedded calcareous 
sandstone, limestone, dolomite, and shale. These two units have been referred to 
as the “Paleozoic Carbonate Aquifer” (Rahn and Gries, 1973).  The total thick-
ness of these two units is approximately 280 m. 
 Geologic maps of the Black Hills of South Dakota and Wyoming show the 
Madison Limestone is exposed over an area of 1,219 km2 and the Minnelusa 
Formation 1,729 km2 (Carter, in prep.).  Thus the total exposure area of these 
two formations in the Black Hills is 2,948 km2.

MAJOR SPRINGS    

 Numerous large springs occur in the Black Hills area at the outer contact of 
the Minnelusa Formation where it abuts against the Permian Opeche Formation.  
In some places the springs appear at the contact of the Permian Minnekahta 
Limestone where it abuts against the Triassic Spearfish Formation.  A few arte-
sian springs discharge through the lower section of the Spearfish Formation red 
beds along Crow Creek and the lower reaches of Spearfish Creek; these springs 
presumably follow “breccia pipes” originating from collapse of gypsum in the 
Minnelusa Formation (Epstein, 2000). 
 Figure 2 shows the approximate location of the fifteen largest springs in the 
Black Hills. Some of the springs are actually streams draining spring complexes. 
The discharge of each of these springs is shown in Table 1.  The discharge totals 
7.126 m3/s.  
 The dissolved ions in the spring water principally include calcium, mag-
nesium, and bicarbonate. Because of the high concentration, small deposits of 
calcareous tufa (travertine) are found within a few kilometers of some springs. 
These deposits form waterfalls at Roughlock Falls, Cascade Falls, and along the 
Fall River below Hot Springs (Ray and Rahn, 1997).  In the past decade, the 
USGS has published substantial data for the total dissolved solids (TDS) con-
centration of the spring water (Table 1).  The TDS concentration for each spring 
is remarkably consistent even though the spring was sampled at different times.  
Generally the springs draining the southern Black Hills have greater TDS con-
centration than those in the northern Black Hills. This is probably because the 
ground water has traveled greater distance in the southern Black Hills and had 
more opportunity to dissolve the carbonate rocks.
 The product of the discharge and the TDS concentration is the load deliv-
ered by the spring.  Table 1 shows the annual load removed from the big springs 
surrounding the carbonate belt totals approximately 193 million kg.  Nearly all 
this water flows into the Cheyenne River and exits the Black Hills area.
 Two springs shown on Table 1 are unusual in that the water does not flow 
directly to the Cheyenne River.  Rhoads Fork and Castle Creek discharge into 
the headwaters of Rapid Creek. This water then crosses Precambrian terrain; far-
ther downstream the water re-enters the Paleozoic carbonate belt.  From Table 1, 
the total load of these two springs is 4.60 million kg/year. The discharge of the 
remaining 13 springs not re-entering the Paleozoic belt is 6.66 m3/s; their total 
load is 188.3 million kg/year, or roughly 188 million kg/year. 
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Figure 2. Map showing the approximate location of the major springs in the Black Hills. 
The size of the arrow is roughly proportional to the dissolved load (million kg/year).
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Table 1. Dissolved load of major springs in the Black Hills(1).

Name Discharge TDS concentration(2) Dissolved Load(3)

cfs m3/s mg/L kg/m3 106  kg/yr

Cascade Spring 22.7 0.643 2460 2.46 49.87

Fall River 21.5(4) 0.609 1040 1.04 19.97

Beaver Creek 9.6 0.272 2000(5) 2.00 17.15

Battle Creek 7.0 0.198 197 0.197 1.23

Cleghorn, Jackson, and
City Springs 25.9(6) 0.733 203(7) 0.203 4.70

Elk Creek 1.73(8) 0.049 816(9) 0.816 1.26

Spearfish Creek 53.87(10) 1.526 300(11) 0.300 14.43

Spearfish Creek (Water 
diverted to Lead area) 10(12) 0.283 350(13) 0.350 3.13

Old Spearfish Fish 
Hatchery 7.6 0.215 691 0.691 4.69

Cox Lake outflow 4.2 0.119 1010 1.01 3.79

Crow Creek 40.68(14) 1.152 1020 1.02 37.06

Sand Creek 18.4(15) 0.521 900(16) 0.900 14.79

Rhoad’s Fork 5.6 0.159 251 0.251 1.26

Castle Creek 10.7(17) 0.303 350(18) 0.350 3.34

Stockade Beaver Creek 12.15(19) 0.344 1500(20) 1.50 16.28

Total 7.126 m3/s 192.95 x 106 kg/yr
(1) Data from Driscoll et al. (2000), Driscoll and Carter (2001), Carter et al. (2001a), Carter et al. (2001b) and Williamson and Carter (2001) 
unless otherwise stated.
(2) Unless otherwise stated, the total dissolved solids concentration reported here is “sum of solids”, which is nearly the same as “residue”.
(3) The dissolved load is the product of the discharge and the concentration.  For example, Table 5 (Carter et al., 2001b) showed the discharge of 
Cascade Spring plus “other small springs” near Cascade Spring totals 22.7 cfs = 0.643 m3/sec. The TDS is 2.46 kg/m3. Therefore the dissolved load 
is 2.46 kg/m3 (0.643 m3/s) =1.58 kg/sec = 49.87 x 106 kg/year.
(4) From Table 5 showing “springflow” (Carter et al., 2001b).         
(5) From Burr et al. (1990), the conductivity of Beaver Creek = 2500 µS/cm. Therefore from Fig. 35 (Williamson and Carter, 2001) the TDS = 
2000 mg/L.
(6) This 25.6 cfs discharge also includes some small springs near the cement plant (Table 5, Carter et al., 2001b).
(7) From Back et al. (1980).
(8) Rahn and Gries (1973) showed a 1.73 cfs spring in Elk Creek near I-90 (Sec 11, T3N, R6E).
(9) The total dissolved solids of Elk Creek is from the USGS gage located   
approximately 8 miles east of the actual spring near I-90.   
(10) The discharge of Spearfish Creek at Spearfish is 53.87 cfs (Table 24, Driscoll and Carter, 2001). Note: the discharge of Spearfish Creek is 
difficult to quantify because of man-made diversions. Additionally, there is a losing reach below the tunnel diversion for Hydro #1, reported at 6.5 
cfs; however this 6.5 cfs most likely reappears near the DC Booth Fish Hatchery and hence 53.87 cfs is used for the purpose of this paper. Miller 
and Driscoll (1998) show a discharge of 51.04 cfs near Maurice. Since the diversions for Homestake Mine have nearly ceased, the discharge of 
Spearfish Creek has increased and is reportedly 62 cfs (Janet Carter, pers. comm., 10/26/04). Rahn and Gries (1973) estimated the base flow of 
Spearfish Creek at Spearfish to be 39.83 cfs.
(11) Burr et al. (1990) showed the conductivity = 400 µS/cm.  Therefore, from Figure 35 (Williamson and Carter, 2001) the TDS = 300 mg/L.
(12) The discharge of water diverted to the Homestake Mine and Lead-Deadwood Sanitary District is estimated at 10 cfs (Burr et al., 1990).
(13) Burr et al. (1990) showed conductivity = 450 µS/cm. Therefore, from Figure 35 (Williamson and Carter, 2001), the TDS = 350 mgL.
(14) The discharge of Crow Creek is given in Table 22 (Driscoll and Carter, 2001).
(15) Rahn and Gries (1973) reported that the springs at Ranch A have a discharge of 23.81 cfs. According to Carter et al. (2001b) Sand Creek has 
a “springflow” discharge of 18.4 cfs. Table 22 (Driscoll and Carter, 2001) shows 22.58 cfs.
(16) From Burr et al. (1990), the Redwater River at the SD/WY border shows conductivity = 1500 µS/cm. Therefore, from Fig. 35 (Williamson 
and Carter, 2001), the TDS = 900 mg/L.
(17) From Miller and Driscoll (1998).
(18) From Burr et al. (1990) the specific conductivity = 450 uS/cm. Therefore, from Fig. 35 (Williamson and Carter, 2001), the TDS =350 mg/L.         
(19) The U. S. Geological Survey  (1980) found the average discharge of Stockade Beaver Creek is 12 cfs.  Carter et al. (2001b, Table 5) reported 
the “spring flow” to be 9.6 cfs.  The springs, located above LAK reservoir, were measured at 14.6 cfs (Rahn and Gries, 1973). Driscoll and Carter 
(2001, Table 22) show 12.15 cfs. 
(20) The U. S. Geological Survey (1980) found conductivity = 2200 µS/cm. Therefore, from Fig. 35 (Williamson and Carter, 2001), the TDS = 
1500 mg/L.
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RECHARGE

 Water discharging from the major springs in the Black Hills is not complete-
ly derived from precipitation falling on the outcrops of the Madison Limestone 
and Minnelusa Formation.  Rahn and Gries (1973) showed that some streams 
draining the Precambrian core lose much of their water where they cross the car-
bonate belt.  Dye tests (Rahn and Gries, 1973; Greene, 1999) show that much 
of the water lost by a disappearing stream emerges as a “resurgent” spring at the 
outer contact of the Paleozoic carbonate belt. The amount of water recharging 
the carbonates by the disappearing streams varies seasonally depending on cli-
matic conditions. Hortness and Driscoll (1998) measured recharge rates to the 
carbonate belt by the disappearing streams. The eighteen disappearing streams 
listed in Table 2 show the total average recharge to be 2.89 m3/s.  
 The chemistry of the water sinking into the carbonate belt varies seasonally 
and hence is difficult to quantify. Conductivity is related to TDS.  For example, 
Battle Creek near Keystone has a low conductivity (150 µS/cm) during high 
discharge (0.57 m3/s) conditions in June, but has high conductivity (300 µS/cm) 
during the low discharge (0.028 m3/s) conditions in January (Williamson and 
Carter, 2001; Carter et al., 2002). For this study, Table 2 shows an assumed 
TDS concentration of 191 mg/L for all eighteen of the disappearing streams. 
This value is the mean TDS concentration of waters in the Precambrian “crystal-
line core sites” (Table 10, Williamson and Carter, 2001). This assumption is a 
simplification of a complex phenomenon, but for the purpose of this investiga-
tion provides a general indication of the dissolved load recharging ground water 
in the carbonate belt by the disappearing streams.  Table 2 shows that the load 
delivered annually totals approximately 18 million kg.
 The difference between the load removed by the springs (188 million kg/
year) and the load delivered by the disappearing streams (18 million kg/year) is 
170 million kg/year. The annual removal of this mass is indicative of the rate of 
chemical weathering within the belt of carbonate rocks. An additional consid-
eration is that some water leaves the Black Hills area as ground water flowing 
downdip through the carbonate aquifer. 

DEEP GROUND-WATER LOSS

 The Madison Limestone and Minnelusa Formation dip gently outward from 
the Black Hills and constitute a vast artesian aquifer beneath the Mesozoic strata. 
Thus there is some ground water in the carbonate belt that does not discharge 
from the springs, but slowly percolates through the permeable carbonate strata.  
This unknown deep ground- water loss rate has been described as “x” by Rahn 
and Gries (1973).  
 Using Darcy’s Law, an estimate of the discharge lost by deep ground water 
flow can be made:

Q = KA (H/L)
Q = discharge (m3/d). 
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Table 2. Dissolved load of recharged water in the Black Hills

Name Discharge TDS Concentration Dissolved Load

cfs m3/s mg/L kg/m3 106  kg/yr

Beaver Creek 2.86(1) 0.081 191(2) 0.191 0.488 

Reaves Gulch 0.18(3) 0.005 ” ” 0.031

Highland Creek 1.52(3) 0.043 ” ” 0.259

S. Fork Lame Johnny 
+ Flynn Creeks 0.98(3) 0.028 ” ” 0.167

N. Fork Lame
Johnny Creek 0.41(3) 0.012 ” ” 0.70

French Creek 8.97(4) 0.254 ” ” 1.53

Grace Coolidge Creek 6.27(5) 0.178 ” ” 1.070

Battle Creek 4.54(6) 0.129 ” ” 0.774

Spokane Creek 0.92(3) 0.026 ” ” 0.157

Bear Gulch 1.48(7) 0.042 ” ” 0.252

Spring Creek 15.02(8) 0.425 ” ” 2.562

Victoria Creek 1.15(3) 0.033 ” ” 0.196

Rapid Creek 9.81(9) 0.278 ” ” 1.673

Boxelder Creek 14.24(10) 0.403 ” ” 2.429

Little Elk Creek 2.28(3) 0.065 ” ” 0.389

Elk Creek 9.99(11) 0.283 ” ” 1.704

Bear Butte Creek 16.08(12) 0.455 ” ” 2.743

False Bottom Creek 5.35(3) 0.152 ” ” 0.913

Total 2.892 m3/s 18.037 x 106 kg/yr
(1) The discharge for Beaver Creek near Pringle is from Table 20 (Driscoll and Carter, 2001).
(2) The total dissolved solids concentration used for all the recharging streams is assumed to be 191 mg/L, 
the mean of 134 samples of “crystalline core sites” given in Table 10 (Williamson and Carter, 2001).  TDS 
fluctuates with discharge (see Table 42, Williamson and Carter, 2001); however, TDS values for every day 
are not available. Hence the average value 191 mg/L is used. 
(3) Discharge data for several small streams recharging the Paleozoic carbonate belt are from Table 8 (Carter 
et al., 2001a).
(4) The recharge rate of French Creek above Fairburn was given in Table 17 (Carter et al., 2001a).
(5) The recharge rate for Grace Coolidge Creek near the Game Lodge is from Table 17 (Carter et al., 2001a).
(6) The recharge rate for Battle Creek below Keystone is from Table 17 (Carter et al., 2001a).
(7) The discharge for Bear Gulch near Hayward is from Table 20 (Driscoll and  Carter, 2001).
(8) The recharge rate for Spring Creek near Hermosa was given in Table 17 (Carter et al., 2001a).
(9) The average annual recharge rate for Rapid Creek was given in Table 12 (Carter et  al., 2001a).
(10) The discharge for Boxelder Creek below Nemo is from Table 17 (Carter et al, 2001a).
(11) The discharge of Elk Creek below Roubaix is from Table 17 (Carter et al., 2001a).
(12) The discharge of Bear Butte Creek near Deadwood also includes smaller drainages above Sturgis as shown 
in Table 17 (Carter et al., 2001a).



62 Proceedings of the South Dakota Academy of Science, Vol. 84 (2005)

K = hydraulic conductivity (m/d). Values of K for the Madison Limestone in 
the Black Hills area were summarized by Rahn (1992, and references contained 
therein).  Four general sources of K estimates are:
 (1) Isotope dating by Back et al. (1983) shows the 14C age of four artesian 
wells surrounding the Black Hills. From these data the average value of K for the 
Madison aquifer = 1.34 m/d.
 (2) Transmissivity estimates using specific capacity data from Madison wells 
in the Black Hills area average 38 m2/d. Using the saturated thickness of the 
Madison Limestone (b = 130 m) indicates an average value of K = 0.29 m/d.
 (3) USGS and other reports of the northern Black Hills area found T for 
the Madison Limestone is approximately 100 m2/d. Using b = 130 m leads to 
average value of K = 0.77 m/d. 
 (4) The US BLM Environmental Impact Statement for the Energy Trans-
portation Systems, Inc., proposed well field in Niobrara County, WY, found T 
for the Madison Limestone averages approximately 50 m2/d. Therefore K = 0.38 
m/d using b = 130 m. The permeability of the Minnelusa Formation was found 
to be less than the Madison Limestone.
 The average value of hydraulic conductivity from these four field studies 
yields: K = 0.70 m/d.  This value is largely determined for the Madison Lime-
stone but for this investigation it is assumed to be representative of the entire 
280 m thickness of the carbonate rocks. This is admittedly great simplification 
of a complex hydrogeologic situation. Local areas may have greater permeability; 
for example Long and Putnam (2002) found large transmissivities in the western 
Rapid City area due to extensive fracturing and converging flowpaths into the 
valley of Rapid Creek.  Anisotropic transmissivity undoubtedly exists within the 
carbonate aquifer. Anisotropic transmissivity correlates to cave passageway ori-
entation in the Madison Limestone (Greene and Rahn, 1995), but for this paper 
isotropic hydraulic conductivity was assumed for the entire 280 m thickness. 
 A = cross sectional area (m2). The total thickness of the Madison Limestone 
and Minnelusa Formations is approximately 280 m. The perimeter of the Paleo-
zoic carbonate belt encircling the Black Hills is approximately 240 km.
 H/L = potentiometric gradient. Back et al. (1983), Rahn (1992), and Carter 
and Redden (1999) showed the potentiometric surface slopes from the Black 
Hills area into the adjoining prairies. These maps reveal a somewhat steeper gra-
dient to the west of the Black Hills and a somewhat gentler gradient to the east. 
A general value of 0.0017 was used for this study.
 From Darcy’s Law: 
 Q = (0.70 m/d) (280 m x 240,000 m) (0.0017) = 80.0 x 103 m3/d = 0.93 
m3/s.
 This deep ground-water loss is equivalent to 14% of the discharge (6.66 
m3/s) of the 13 springs around the periphery of the carbonate belt.  Assuming 
the TDS of the deep ground-water loss is the same as the spring water, the load 
carried by deep ground water loss = 14% (188 x 106 kg/yr) = 26 x 106 kg/yr.  
Therefore the resultant load removed from the carbonate belt by the thirteen 
springs plus the deep ground water loss = 170 x 106 kg/yr + 26 x 106 kg/yr = 196 
x 106 kg/yr.  Figure 3 is a cross-sectional sketch that summarizes the model used 
in this investigation.
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CHEMICAL WEATHERING

 A traditional approach to determine land denudation by chemical weather-
ing is simply to equate the load determined from TDS data as a direct measure 
of the mass removed from the watershed (Fleischer, 1963). This paper uses the 
chemical weathering reaction and resulting principal solutes to adjust the TDS 
values and more closely reflects the mass of carbonate removed. The primary 
dissolved ions of the water from the major springs are calcium, magnesium, and 
bicarbonate.  Laboratory analyses for common ions show the median concentra-
tions (mg/L) for the Madison aquifer (Table 4, Williamson and Carter, 2001) 
are: TDS 260, calcium 54, magnesium 25, sodium 5, bicarbonate 222, sulfate 
23, and chloride 4. For this paper, a model was developed to use the conven-
tional carbonate weathering reactions and resolved the abundant TDS data into 
chemical reactions illustrating the solution of limestone and dolomite.
 The simplest method of analysis would be to assume that calcium and bicar-
bonate make up all the dissolved constituents and that the Madison Limestone 
and Minnelusa Formations are pure limestone. Carbonic acid from precipitation 
dissolves calcite, as follows (from Freeze and Cherry, 1979):

CaCO3  +  H2CO3  ←→  Ca+2  +  2HCO3
-1

 Because the solutes in the Black Hills carbonate belt contain magnesium as 
well as calcium, a more accurate analysis would be to consider the dissolution of 
dolomite:

CaMg(CO3)2  +  2H2CO3 ←→  Ca+2  +  Mg+2  +  4HCO3
-1

Figure 3. Cross-sectional sketch showing discharge and resultant dissolved load derived 
from the Paleozoic carbonate belt.
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 Using atomic weights for this reaction:

40 + 24 + 2[12 + 3(16)] + 2[2(1) + 12 + 3(16)] ←→  40 + 24 + 4[1 + 12 + 3(16)]
 184 + 124 ←→  40 + 24 + 244
 308  ←→  308

 The molecular weight of dolomite is 184.  The TDS is the sum of the reac-
tants = 308 gm/mole.  In this equation the ratio of dolomite/TDS is 184/308 
= 59.74%.  Therefore, for every 100 kg of TDS, only 59.74 kg of dolomite is 
actually dissolved. The resultant load removed from the carbonate belt from the 
TDS data as determined above is 196 x 106 kg/year. Using the dolomite model 
for supply of these TDS constituents, the rate of solution of dolomite is 59.74% 
(196 x 106 kg/year) = 117 x 106 kg/year.
 If only dolomite were being dissolved, calcium and magnesium solute ions 
would be present in equal numbers. Because the atomic weights of these two 
elements are 40 and 24, respectively, a laboratory analysis of dolomite solution 
would show the same ratio of concentration of these two substances, such as 
Ca+2 = 40 mg/L and Mg+2 = 24 mg/L.  These values are, in fact, very close to the 
median values cited above, and are consistent with the assumed model that the 
solution within the carbonate belt is essentially the solution of dolomite. In fact, 
the name “Madison Limestone” is really a misnomer because detailed petrologic 
studies show that this unit is primarily a dolomite (Barnum, 1973; Schneider, 
1973). 
 A more precise method of determining the weathered mass would be to 
quantify all the common ions in the water of each spring, and to evaluate the 
lithologies and weathering reactions present along each ground-water flow path. 
The precipitation of calcite near some springs indicates that complex, interdepen-
dent reactions take place. In order to mass balance calcite, dolomite, anhydrite 
dissolution, calcite precipitation, dedolomitization, and other chemical reac-
tions, the program NETPATH could be employed along a hypothetical ground-
water travel path to its exit point.  Hayes (1999), for example, showed that the 
NETPATH model simulates the geochemical evolution of Cascade Spring water 
and the mixing of water from the Madison and Minnelusa aquifers.
 Despite the presence of gypsum, halite, and other soluble lithologies within 
the carbonate belt this paper admittedly uses a simple model whereby: (1) the en-
tire carbonate belt is assumed to be dolomite, and (2) the solutes consist only of 
calcium, magnesium, and bicarbonate. Sulfate and other dissolved constituents 
are found in spring waters. In fact, dissolved sulfate at Cascade Spring and Evans 
Plunge at Hot Springs is slightly greater than dissolved bicarbonate. Sulfate is a 
complicating factor; indeed, the very presence of gypsum influences the solubil-
ity of calcite and dolomite (Back et al., 1983).

LANDSCAPE DENUDATION

 To determine denudation rates, it is necessary to convert dolomite mass 
into volume. The density of pure dolomite = 2.85 gm/cm3. Based on a primary 
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(interstitial) porosity = 10% (Rahn, 1992), the in-situ density of the carbonate 
rocks is 2.57 gm/cm3 = 2.57 x 103 kg/m3.
 The annual volume of dolomite removed = annual mass removed/density 
= (117 x 106 kg/year)/(2.57 x 103 kg/m3) = 45,600 m3/year. [This is equivalent 
to a solid cube 35.7 meters on a side.] It is assumed that the solution is derived 
from the exposed 2,948 km2 of carbonate rocks.  Therefore the denudation rate 
= (45,600 m3/year)/(2.948 x 109 m2) = 15.46 x 10-5 m/year, or roughly 1.55 cm 
per 1,000 years.  

ASSUMPTIONS

 There are many assumptions in the model presented and calculations used 
in this paper. They include:

 (1) Tables 1 and 2 show discharge and TDS concentration data generally 
obtained during the past decade. This interval of time might not be reflective 
of geologic time and long-term denudation. In the Black Hills stream discharge 
and ground- water recharge rates are related to tree density; stream discharge has 
decreased in the last century because of forest fire suppression (Rahn and Davis, 
1993). 
 (2) The discharge and TDS concentration of the disappearing streams (Table 
2) could reflect anthropogenic activities such as urbanization and mining. How-
ever, the total load recharging the carbonates (18 million kg/year) is relatively 
small compared to the load permanently discharged by the 13 springs (188 mil-
lion kg/year). 
 (3) It is assumed that the Paleozoic carbonates are pure dolomite with 10% 
porosity.  The fact that other soluble lithologic units including gypsum constitute 
part of the sedimentary rocks affects these calculations to some degree. Shale, 
sandstone, and chert constitute part of the Minnelusa Formation; however these 
chemically inert lithologies do not affect the chemical land denudation rate cal-
culations.
 (4) It is assumed that the TDS of spring water is derived from calcium, mag-
nesium, and bicarbonate ions.  Laboratory analyses of spring water show that 
sulfate and other ions also constitute part of the solutes. However the land de-
nudation analysis using more precise model including dissolved gypsum would 
be little different from the results of this investigation. In fact, the calculation 
of a land denudation rate involving both calcium and magnesium bicarbonate 
solutes derived from a dolomitic terrain is nearly the same as the calculation of a 
land denudation rate based only on calcium bicarbonate solutes derived from a 
limestone terrain.  A complete analysis of chemical solution from all lithologies 
and all solutes is beyond the scope of this investigation. 
 (5) The amount of deep ground water loss from the carbonate belt is esti-
mated at 0.93 m3/s/.  Numerous assumptions were used in this calculation, e.g., 
the estimated value of K = 0.70 m/d. This hydraulic conductivity, largely based 
on field tests for the Madison Limestone, is assumed to represent the permeabil-
ity of the entire carbonate section. Limited data for the Minnelusa Formation 
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indicate that its permeability is only approximately 50% that of the Madison 
Limestone (Long and Putnam, 2002). Hence the 0.70 m/d value may be some-
what high. This would result in a slight decrease in the land denudation rate. A 
parameter sensitivity analysis would show that hydraulic conductivity is the most 
sensitive parameter in this model. If, for example, hydraulic conductivity were 
doubled, the load carried by deep ground-water loss would double, leading to 
an increase in the calculated land denudation rate from 1.55 cm/1,000 years to 
1.89 cm/1,000 years.
 (6) The 2,948 km2 outcrop area of Madison Limestone and Minnelusa 
Formation is assumed to be the only area undergoing solution. However some 
artesian springs discharge through the Spearfish Formation in places such as the 
lower Spearfish Valley area, including Cox’s Lake (Epstein, 2000). Some solution 
occurs in these places, including dissolution of gypsum/anhydrite beds in the 
Minnelusa Formation downdip from the actual carbonate belt outcrops (Red-
den, 2000). If, for example, the area under the outcrops of the Permian Opeche 
Formation and Minnekahta Limestone (272 km2) were added to the 2,948 km2 
outcrop area, the resulting denudation rate would decrease slightly from 1.55 to 
1.42 cm/1,000 years. 

DISCUSSION 

 Land denudation is caused by physical erosion as well as chemical erosion. 
This paper addresses only chemical weathering and erosion.  This is presumably 
the more important process within the carbonate belt, a conclusion supported 
by an examination of the geomorphology of the Paleozoic carbonate belt, which 
exhibits solution features such swales and ephemeral valleys as well as numerous 
caves beneath the land surface. The carbonate belt generally lacks surface erosion 
features such as fine-grained stream patterns and fluvial features such as found 
in the Precambrian rocks. Nevertheless, dramatic precipitation events, such as 
the floods of June 9, 1972, can produce runoff and physical erosion from the 
Paleozoic carbonate belt.  The land denudation rate for chemical solution as 
determined in this paper, 1.55 cm/1,000 years, is augmented to some degree by 
physical erosion.   
 Estimates of physical land denudation rates are generally derived from clastic 
load measurements of suspended load in rivers or sedimentation into reservoirs 
behind dams. The 1.55 cm/1,000 year chemical denudation rate of the carbonate 
belt in the Black Hills is less than typical landscape denudation rates based on the 
suspended load of streams (Ritter et al., 1995).  Judson and Ritter (1964) found 
the average rate of denudation for the United States is 6.1 cm per 1,000 years. 
They found that suspended load constitutes the dominant factor of stream load, 
although solution is the most important erosional process in the southeastern 
U.S.  The Mississippi River was found to have roughly three times the clastic 
load as dissolved load. Hadley and Schumm (1961) found the average annual 
suspended-sediment discharge of the Cheyenne River near Hot Springs, SD, was 
64 metric tons per square kilometer over the 207,000 square kilometer water-
shed; using a rock density of 2.6 gm/cm3, this is equivalent to a denudation rate 
of approximately 2.45 cm/1,000 years. 
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 The 1.55 cm/1,000 years chemical denudation rate of the carbonate belt 
determined in this paper can be compared to the Cenozoic downcutting rate of 
Rapid Creek based on Cenozoic erosion levels determined by geomorphologic, 
stratigraphic, and paleontological evidence.  Rahn (1996) found that late Plio-
cene to early Pleistocene (approximately 2 million year old) high-level alluvial 
deposits on the eastern slope of the Black Hills are approximately 200 m above 
the present day flood plain of Rapid Creek, yielding an average down-cutting 
rate of 100 cm/1,000 years.  Presumably this rate of erosion is greater because it 
reflects recent local canyon cutting and not regional denudation. 
 Another comparison of the rate of land denudation for the Black Hills is to 
evaluate the long-term erosion rate of the Black Hills uplift. According to Gries 
(1996) and Carter et al. (2002), the Black Hills uplift began approximately 
62 million years ago and by approximately 37 million years ago the uplift was 
eroded to near its present topography. Thus the time interval for the erosion of 
this uplift was approximately 25 million years. The uplifted mass consisted of 
the Paleozoic and Mesozoic sedimentary rocks that were domed up and eroded 
through, exposing the underlying Precambrian metamorphic and igneous rocks. 
The thickness of the sedimentary rock is estimated at approximately 2,060 m 
(Gries, 1996). The thickness of Precambrian rock eroded below the Cambrian 
Deadwood Formation can be estimated by examination of geologic cross sections 
(DeWitt et al., 1999); in the central Black Hills area the thickness of eroded 
Precambrian rock is estimated to average 280 m. Therefore the total thickness of 
eroded rock is 2,340 m. Thus the rate of denudation in the Central Black Hills 
region during this time interval = 2,340 m/25 million years = 93.6 m/million 
years = 9.36 cm/1,000 years. This rapid rate probably reflects vigorous physical 
erosion during the Laramide Orogeny as the easily-eroded Pierre Shale and other 
Mesozoic sediments were being domed up. 
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POST-HATCH HAND-PICKING
REDUCES SALMONID FRY SURVIVAL 

IN VERTICAL-FLOW INCUBATORS 

Michael E. Barnes, William A. Sayler, and Rick J. Cordes  
South Dakota Department of Game, Fish and Parks

McNenny State Fish Hatchery
Spearfish, SD 57783

ABSTRACT

 Embryos of three salmonid species cultured in vertical-flow incubators were 
subjected to physical anti-fungal treatments (hand-picking) from complete hatch 
until fry swim-up.  Removal of dead and crippled fry from incubation trays 
containing feral brown trout (Salmo trutta) or feral Chinook salmon (Oncorhyn-
chus tshawytscha) resulted in significantly increased fry mortality.  Survival of 
domesticated shasta strain rainbow trout (Oncorhynchus mykiss) fry from hatch to 
swim-up was also negatively affected by hand-picking, but no significant differ-
ence was observed in total mortality from egg eye-up to swim-up.  Hand-picking 
after hatch is not recommended unless there are serious fish health concerns.

Keywords

 Salmonid eggs, rainbow trout, Chinook salmon, brown trout, egg incuba-
tion

INTRODUCTION

 Unlike other salmonid egg incubation methods, embryos cultured as eggs 
in vertical tray incubators are typically allowed to hatch and remain as fry in the 
incubators until just prior to initial feeding (Stevenson 1980; Piper et al. 1982).  
After hatch, anti-fungal chemical treatments on the fry remaining in the incu-
bators usually cease, although such treatments may be continue at less frequent 
intervals (Stevenson 1980).  Egg shells are removed from the trays after hatch 
(Roberts and Shpherd 1979; Hinshaw 1990), and dead fry are also often hand-
picked from the tray for fungal control until the fry are placed in other rearing 
units for feeding (Alaska Department of Fish and Game 1983).  
 Manual removal of dead fry is a laborious procedure (Leitritz and Lewis 
1976), unlike chemical anti-fungal treatments which are relatively easy to ad-
minister (Bailey and Jeffery 1989).  We undertook this study to determine the 
impacts of hand-picking of dead fry on salmonid fry survival in vertical tray in-
cubators, and provide a basis for additional future investigations into post-hatch 
physical and chemical anti-fungal control. 



METHODS

 Methods common to all experiments. All of the experiments were con-
ducted at McNenny State Fish Hatchery, Spearfish, South Dakota.  Upon arrival 
at the hatchery as either newly fertilized or eyed eggs, the eggs were disinfected 
in a 100-mg/L buffered free-iodine solution for 10 min, inventoried by water 
displacement (Piper et al. 1982) and placed in Heath incubator trays (Flex-a-lite 
Consolidated, Tacoma, Washington).  Mixing of the egg pool occurred during 
disinfection and egg inventory.  Well water (11º C; total hardness as CaCO3, 360 
mg/L; alkalinity as CaCO3, 210 mg/L; pH, 7.6; total dissolved solids, 390 mg/L) 
at a flow of 12 L/min was used for egg incubation.  
 Physical control of fungal infections consisted of removing dead eggs and 
fry by hand-picking.  Hand-picking was performed by removing the trays from 
the incubation stack, floating them in a 274 x 66-cm fiberglass picking trough, 
and sucking out the dead embryos using a pipette fitted with a hand-held rub-
ber squeeze bulb (Leitritz and Lewis 1976).  Water levels in the picking trough 
were maintained at 18 cm (total operating volume = 322 L) with flows set at 10 
L/min. 
 The number of dead eggs and fry removed from each experimental tray 
was recorded until swim-up (removal from the incubators).  Percent survival 
was calculated by using the following formulas:  Total survival (%) = 100 X [1 
- (dead embryos from eye-up to swim-up / initial number of eyed eggs)], Sur-
vival through hatch (%) = 100 X [1 - (dead eggs and fry through hatch / initial 
number of eyed eggs)], Post-hatch survival (%) = 100 X [1 -(dead fry from hatch 
to swim-up / number of hatched fry)]. 
 Experiment 1. Soda Lake strain brown trout (Salmo trutta) eggs were used 
in this experiment.  After initial incubation of 283 temperature units (TU - each 
centigrade degree of daily water temperature above freezing represents one TU) 
(283 TU ) at Dubois State Fish Hatchery, Dubois, Wyoming, the eyed eggs were 
received on November, 17, 1999 at McNenny.  Trays were initially loaded at 350 
mL (5,738 eggs at 16.39 eggs per mL of water displaced).  Six trays were ran-
domly selected for inclusion in the experiment.  Dead eggs and fry were removed 
from all six trays on November 19, 24, 26, 29 and 30 (complete hatch).  After 
hatch, three trays continued to receive physical fungal control by hand-picking 
on December 2, 7, 13, 20.  The other three trays were not picked until swim-up 
on December 20.  
 To ensure that substantial fry mortalities were not missed during tray 
picking, fry mortality was monitored during initial feeding.  After the final 
hand-picking, fry were removed from the incubator trays and moved to 1.83-m-
diameter circular tanks (76 cm operating depth) to start on feed.  Due to space 
limitations, all replicates for each treatment were placed in one tank (i.e. all three 
replicates of the unpicked trays were placed in one tank and all three replicates 
of the picked trays were placed in another tank).  Mortalities were recorded daily 
from these two tanks until December 31, 1999.   
  Experiment 2. This experiment was designed similarly to experiment 2, 
except fall Chinook salmon (Oncorhynchus tshawytscha) eggs were used with 
only two trays per treatment.  These eggs were spawned from Lake Oahe, South 

72 Proceedings of the South Dakota Academy of Science, Vol. 84 (2005)



Proceedings of the South Dakota Academy of Science, Vol. 84 (2005) 73

Dakota, salmon on October 20, 1999 and incubated prior to eye-up at Mc-
Nenny. Eyed eggs were auto-picked on November 22, pooled, re-inventoried, 
and re-trayed at 900 mL (4,654 eggs at 5.171 eggs/mL).  Daily formalin treat-
ments of 1,667 mg/L were begun the day after initial traying and continued on 
all trays after eye-up (Barnes et al. 1997) until the start of hatching (November 
29), eliminating the need for any hand-picking during that time.  No formalin 
treatments were administered after the start of hatching.  Hatching was complete 
on December 6.  Dead and crippled fry from two randomly selected trays were 
removed post-hatch on December 8, 10, 12, 17, 20, 23, 26, 31.  Two other trays 
were not picked until swim-up on December 31. After the final hand-picking, 
fry were removed from the incubator trays and moved to two 1.83-m-diameter 
circular tanks (76 cm operating depth) to start on feed.  Due to space limitations, 
both replicates for each treatment were placed in one tank.  Mortalities were 
recorded daily from these two tanks until January 14, 2000.
 Experiment 3. This experiment used Shasta strain rainbow trout (On-
corhynchus mykiss) which were initially incubated for 222 TU at White Sulfur 
Springs National Fish Hatchery (White Sulfur Springs, West Virginia) and 
received at McNenny as eyed eggs on January 25, 2000.  Trays were loaded at 
250 mL (5,555 eggs at 22.22 eggs/mL).  Eight  trays were randomly selected to 
be included in the experiment.  Three trays were subjected to hand-picking only 
up through complete hatch on February 7 (picking dates were January 26, 30, 
February 2, 7, 20).  Three other trays were hand-picked throughout incubation 
until swim-up on February 20 (picking dates were January 26, 30, February 2, 7, 
9, 13, 17, 20).   Two trays received were not subjected to hand-picking at all.
 Statistical Analysis. Data were analyzed by t-tests using the SPSS (9.0) 
statistical analysis program (SPSS 1999).  Significance was predetermined at P 
≤ 0.05.   All embryo survival percentage data were arcsine transformed prior to 
analysis to stabilize the variances (Ott 1984). 
 

RESULTS 

 Both the brown trout and Chinook salmon embryos exhibited increased 
mortality as a result of post-hatch fry picking.  In treatments with no hand-
picking after hatch, total embryo survival was significantly increased by ap-
proximately 2% (Table 1).  Additional mortality was not observed during initial 
feeding after removal of the fry from the incubators.  Total brown trout mortality 
was only 129 in the tank containing fry that had been picked versus 114 in the 
tank containing the trays of fry which had not been picked.  The two Chinook 
salmon tanks were similar, with 106 mortalities in the tank with fry from the 
picked trays and 85 mortalities from the tank with fry from the unpicked trays.  
 Rainbow trout embryo mortality from hatch until swim-up was significantly 
greater in hand-picked trays.  However, total mortality from eye-up to hatch was 
not significantly different (p = 0.07) between trays which were hand-picked and 
those which were not.  Abundant fungal growth in the rainbow trout trays which 
were not hand-picked after egg eye-up prevented any enumeration of egg or fry 
mortality. 
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DISCUSSION

 The results from all the experiments consistently identify the negative effect 
of hand-picking on embryo survival.  Physical control via hand-picking may be 
producing additional embryo mortality because of extra handling (physical con-
tact) or additional exposure to light during the picking process.
 We believe the gross handling of each tray during hand-picking probably 
contributed little to the additional mortality observed.  Salmonid embryo sen-
sitivity to physical shock essentially disappears after complete retinal pigmenta-
tion (Jensen and Alderdice 1989; Johnson et al. 1989), and shocking after egg 
eye-up has no effects on survival to hatch (Rosenberg 1985; Crisp 1990).  We 
suspect that hand-picking may have caused additional mortality by smaller 
actions within the tray.  Inserting the picking apparatus directly into the tray 
typically induced substantial fry movement.  This excessive fry movement in 
the incubation trays likely results in dermal abrasions and subsequent microbial 
infections (Jochimsen and Bedell 1968; Alaska Department of Fish and Game 
1983).  Paradoxically, removing dead fry to prevent fungal growth may instead 
be facilitating the growth of water mold on previously healthy fry via damaged 
skin (Post 1987).  Different strains might be more resistant to physical handling 
(Fitzsimons 1994), which might explain why we did not observe any increased 
mortality with increased picking frequency using a very domesticated rainbow 
trout strain versus the increased mortality observed in brown trout and Chinook 
salmon embryos obtained from wild stock.
 Trays that were hand-picked were subjected to approximately 10 minutes 
of indirect fluorescent lighting each time they were removed from the incubator 
stack for picking.  Constant exposure to intense and extended periods of light has 
been associated with increased mortality of salmonid embryos, although fry are 
much less susceptible than eggs before the eyed stage of development (Bell and 
Hoar 1950; Eisler 1961; Nikolsky 1963; Kwain 1975; Day and Damkaer 1990).  
However, Day and Damkaer (1990) also suggested that early light stimulation 
of fry may not always be harmful, and that survival could possibly be enhanced 
with proper light conditions.  In addition, Fuss and Johnson (1988) found no 

Table 1.  Mean percent mortality (± SE) of brown trout and Chinook salmon embryos 
subjected to hand-picking after hatch.  Means with a different letter within each experi-
ment are significantly different (p ≤ 0.05).
 

Species Hand-pick N Eye-up to hatch Hatch to swim-up Total mortality

Brown 
trout 

To hatch only 3 4.70 ± 0.11 1.62 ± 0.01z 6.32 ± .012z
To swim-up 3 5.46 ± 0.21 3.35 ± 0.17y 8.81 ± 0.12y

Chinook 
salmon

To hatch only 2 - - 8.18 ± 0.31z
To swim-up 2 - - 10.02 ± 0.14y

Rainbow 
trout

To hatch only 3 4.31 ± 0.10 1.28 ± 0.07z 5.59 ± 0.16
To swim-up 3 3.84 ± 0.04 2.41 ± 0.18y 6.25 ± 0.21

None 2 Fungal clumps made mortality determination impossible.
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negative effects from light on salmonid embryos.   Because of the relatively small 
amount of time spent picking each tray, we believe that light by itself was not a 
determining factor in the results which we observed. 
 Based on our results from those trays containing rainbow trout eggs which 
were not hand-picked, some anti-fungal control measure is required if an accu-
rate count of embryo survival to hatch or swim-up is desired.  Because of fungal 
growth, we could not accurately determine the number of dead embryos, and 
do not know if the lack of fungal control contributed to increased embryo mor-
tality.  Others have recommended either chemical or physical control methods 
during this time of salmonid embryo incubation as well (Stevenson 1980; Alaska 
Department of Fish and Game 1983; Hinshaw 1990). 
 Because of the additional mortality which may be caused by hand-picking 
fry from hatch until swim-up, as well as the additional labor required, we recom-
mend that such picking be curtailed or severely limited.  If fungal growth is a 
concern of the hatchery manager from egg eye-up to hatch, we recommend the 
use of chemical control (Barnes et al. 1997, 2000, 2001).
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ABSTRACT

 Temporal NDVI images can be used to show the change in vegetation on 
Earth over time.  NDVI is derived from data produced by NOAA and NASA 
satellites, and scientists from NASA, NOAA, USGS and the CDC utilize these 
temporal images for land cover/land use change analysis, drought monitoring, 
fire management, weather prediction, flood analysis, and even the study of viral 
outbreaks, such as the Hantavirus outbreak in the southwestern United States.  
Seasonal metrics and vegetation characteristics must be calculated from these 
temporal images to enable the application of space-borne sensors to these studies 
of biological processes. Metrics such as the day when the season starts or ends, 
the total integrated NDVI, and others all need to be calculated for each pixel in 
the image.  And because the global application of these studies requires a vast 
number of pixels, we developed a highly efficient software system to provide 
these seasonality metrics.  The first phase of our project involved writing software 
to extract the metrics from each pixel.  Due to the enormous size of the images 
we found that processing pixel by pixel required far too much running time to 
complete.  Therefore, the second phase of our project implemented a threaded 
algorithm to enhance the speed and provide for overlapped file IO.  The third 
phase of our project revolves around a clustering package to enable an unlimited 
number of networked computers to process different parts of the image.  We 
have also written a Java interface to help control and monitor the processing 
of the images.  Threading, overlapped file IO, and clustering will help NOAA, 
NASA, and USGS scientists calculate metrics closer to real time.  This will enable 
them to utilize the satellite images more efficiently, and will enhance their ability 
to perform regional and global biological studies.

Keywords

 Seasonal Metrics, Normalized Difference Vegetation Index, Threaded pro-
gramming, Parallel Processing

INTRODUCTION

 Space-borne sensors provide an extraordinary opportunity to study global 
seasonality changes.  Vegetation indices, such as the Normalized Difference 
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Vegetation Index (NDVI), have been employed extensively for the past 25 
years to characterize land cover, growth, and biomass production on a regional, 
national, and global scale.  NDVI is computed from the near infrared and red-
light regions of the spectrum1.  An index such as NDVI enhances the vegetation 
signal, reduces background effects, provides some measure of data dimensional-
ity reduction, all while providing a normalized metric with which to compare 
various land cover types and disparate regions2,3,4.  We collect this NDVI data at 
regular time intervals for each pixel in our study region.  These NDVI data can 
be noisy, due to various atmospheric perturbations, but reliable smoothing tech-
niques can be employed to remove spurious fluctuations in the signal5.  Seasonal 
metrics and vegetation characteristics must be calculated from these temporal 
images to enable the application of space-borne sensors to studies of biological 
processes. Metrics such as the day when the season starts or ends, the total inte-
grated NDVI, and others all need to be calculated for each pixel in the image.  
Existing methods6,7 for the extraction of the seasonality metrics from satellite data 
were written in an interpreted image processing language, and were therefore 
too slow for timely analysis or for real-time processing.  Furthermore, the values 
computed by these methods had not been verified, and the accuracy of some of 
the values was suspect.  We have designed a highly efficient software package to 
calculate seasonality metrics from these temporal NDVI images.

METHODS

 We began our project by gaining a thorough understanding of the metrics 
that our program would need to extract from the images:  Start of Season, End 
of Season, Peak of Season, Amplitude, Season Duration, Rate of Greenup, Rate 
of Senescence, and the Integrated NDVI.  Figure 1 illustrates an NDVI curve 

Figure 1. Sample NDVI data curve. We have added a backward-looking moving average 
(BLMA) and a forward-looking moving average (FLMA).
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and shows a sample of some of the metrics we compute.
 The Start of Season is found at the point where the backward-looking mov-
ing average crosses the NDVI data curve.  The backward looking moving average 
is found by looking backward on the data curve and taking the average of n data 
points, where n is the user-specified number of data points to include in the 
average calculation.  Empirical studies have found n=15 to provide an accurate 
start-of-season for well-behaved unimodal and bimodal season curves. The End 
of Season is found where the forward-looking moving average crosses with the 
NDVI data curve.  The forward-looking moving average is calculated by looking 
ahead m points, where m is the number of points to include in the average cal-
culation.  We have found empirically that m=18 provides a good calculation for 
the end-of-season. The Peak of Season is the point with maximum NDVI value 
between the start-of-season and end-of-season.  Season Duration is the length of 
time between the start- and end-of-seasons.  The Rate of Greenup is the slope 
between the start-of-season and the peak of the season.  Rate of senescence is 
the slope between the peak of the season and the end-of-season.  The Integrated 
NDVI is the area under the NDVI data curve between the start-of-season and 
the end-of-season (see the shaded area in Figure 1).  The amplitude is the differ-
ence between the peak NDVI value and the start of season NDVI value.
 The NDVI images produced by the satellite are in row-raster format; each 
pixel in the image is appended to the previous pixel and subsequent images are 
appended to the previous image.  This format creates a series of images that ap-
pear to be one long string of bits, as shown in Figure 2.

 Image 1 from time t Image 2 from time t+1 Image 3 from time t+2
0101000100010111101101011 1100010001001010010111011 100010101011011010011011

Figure 2. Row-raster format for storing NDVI temporal images. We stack images taken 
from different time periods for storage.

Per-Pixel System

 We developed a proof-of-concept system to extract all these metrics on a per-
pixel basis.  Our read function reads a single pixel through all of the temporal 
images.  After we read pixel one from image one the program seeks past the rest 
of the image to get to the first pixel in image two; this process continues until it 
gets through all of the images.  A sample of the code to implement this action is 
given in Figure 3.
 After we read in one pixel through all of the bands we scale the pixel by 100 
in order to limit floating-point operations, which perform slower than simple 
integer operations.  This is done by the line:  pixel_data[i] = pixel[i] * 100;
 Once a pixel was read into pixel_data we then used this to calculate the 
metrics on that pixel and store the results in a separate array.  Our initial version 
first calculated the Start of Season and End of Season on the pixel because those 
values were needed before we could calculate any of the other metrics.  The first 
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thing we did to calculate the Start of Season and End of Season was to calculate 
the forward looking moving average (FLMA) and the backward looking moving 
average (BLMA), as shown in Figure 4.
 The forward looking moving average is calculated in a similar manner, how-
ever, instead of looking backward on the NDVI data curve the program looks 
forward.
 After calculating the forward and backward looking moving averages the 
program locates where the BLMA crosses with the NDVI curve, which is the 
Start of Season.  We created a check in our program to make sure that the season 
was long enough in order to avoid the BLMA curve crossing with the NDVI 
curve too soon for there to actually be a season.  Once we located the Start of 
Season we then proceeded to locate the End of Season by finding where the FL-
MA crossed with the NDVI data curve.  We provide a similar check for the End 
of Season to make sure the FLMA cross with the NDVI curve is legitimate.  
 Once we have located the Start of Season and End of Season values for the 
pixel we then calculated the rest of the metrics on that pixel.  Most of the other 
metrics are simple calculations once the Start of Season and End of Season have 
been identified.  To calculate the Integrated NDVI we calculate the area between 
the Start of Season and End of Season by breaking up each observation into a 
triangle and rectangle as shown in Figure 5a, computing the area and then add-

//DESC: A function to read one pixel in an NDVI image into an array and scale the NDVI 
value by a factor of 100.

//PRE:- myFile is a pointer to the file that we are reading from
 - num_bands is the number of bands or images in myFile (i.e. a file with an image 

taken once per week for a year would have 52 bands.
 - pixel_num is the pixel that we are going to read, starting at 0.
 - image_size is the total number of pixels in one image (there will be the same number 

of pixels in all of the subsequent images.
//POST: the scaled pixel is placed in pixel_data which is a double array of num_bands 

items.
void read_func(FILE * myFile, int num_bands, int pixel_num, int image_size, double * 

pixel_data) {
char * pixel;
pixel = new char[num_bands];
for(int i=0; i<num_bands; i++)
{
 fseek(myFile, (pixel_num+(i*image_size)), SEEK_SET) ;
 fread(&(pixel[i]), 1, 1, myFile);
}
for(i=0; i<num_bands; i++)
{
  pixel_data[i] = pixel[i] * 100;
}
delete[ ] pixel;
}

Figure 3. C++ listing of a per-pixel read algorithm.
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ing up all of the values between each of the observations.  After this has been 
completed the area below the line connecting the start-of-season point with the 
end-of-season point must be subtracted from the initial total, as shown in Figure 
5b.
 The values that the user wants to be calculated are given to the program in 
an arguments text file.  The user specifies the number of seasons expected in the 
data series, and each of the metrics being computed is stored in an array whose 
length is that number of seasons.

//Backward looking moving average
int posi=0;
int position=0;
int sum=0;
while(posi<num_bands)
{
 while(position<num_BLMA_points)
 {
  sum+=my_pixel_data[position+posi];
  position++;
 }
 myBLMA[posi] = sum / num_BLMA_points;
 position = 0;
 sum = 0;
 posi++;
}

Figure 4. Backward-looking moving average calculation.

Figure 5. Integrated NDVI calculation. (a) Triangle and rectangle portion for area calcu-
lation. (b) Subtracted portion below the line connecting the start-of-season point with 
the end-of-season point.

 (a) (b)
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Addressing Input and Output

 This initial design completed much faster than the previous versions; how-
ever, we realized that the file access (reading/writing) was a major bottleneck for 
our program.  Our next versions were an attempt to utilize features of modern 
computers, such as threads and I/O Completion Ports to obtain maximum ef-
ficiency.
 A run-time analysis showed that most of the real time elapsed was spent 
waiting for file reads and file writes to complete.  To address this, we added a 
mechanism for reading a large group of pixels at a time.  The read function read 
the one-byte data into a char array and then waited until the program needed a 
particular pixel to scale it by a 100 into a double, as shown in Figure 6.

int read_sector_size=100000;
int low=0;
int high=0;
int index=0;
void read_func(FILE * myFile, int num_bands, int pixel_num, int image_size, double * 
pixel_data)
{
 static unsigned char ** sectorarray = NULL;
 int i=0;
 if(sectorarray == NULL)
 {
  sectorarray = (unsigned char **)(malloc(num_bands * sizeof(*sectorarray)));
  for(i=0; i<num_bands; i++)
   sectorarray[i] = (unsigned char *)(malloc(read_sector_size *   
    sizeof(**sectorarray)));
 }
 if(index == read_sector_size)
 {
  for(i=0; i<num_bands; i++)
  {
   fseek(myFile, (pixel_num+(i*image_size)), SEEK_SET);
   fread(sectorarray[i], 1, read_sector_size, myFile);
  }
  low=high;
  high+=read_sector_size;
  index=0;
 }
 for(i=0; i<num_bands; i++)
 {
  pixel_data[i] = sectorarray[i][index] * 100;
 }
 index++;
}

Figure 6. Reading a multiple of a disk sector rather than a single pixel at a time.
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 This version produced much better results than our initial version of the 
program; however, we were still unsatisfied with the speed.

Threaded Approach

 In threaded programming, a single program is capable of executing in several 
places simultaneously.   This incurs some additional overhead, such as keeping 
track of which thread is working on which portion of the data, but it allows for 
processing to be completed where the system would otherwise be waiting for 
external events to occur.  For our application, we developed a suite of threads, 
each of which responsible for reading, processing, and writing.  The only trouble 
with implementing threads was keeping track of which thread had which group 
of pixels so each thread knew where to write its results.  This was solved by a few 
global structures to maintain an identifier for which group of pixels each thread 
is manipulating. This version made a huge improvement on a dual-processor ma-
chine, but did not show a marked improvement on a single processor machine.  
In fact we actually saw a slightly slower time on the single processor machine.

I/O Completion Port

 Finally, we broke the various functions of our program into separate threads 
and utilized I/O Completion Ports to handle the signaling between the threads.  
We created a single read thread to handle all of the reading; three processing 
threads to handle all of the processing and a single writing thread to write the 
results out to the disk.  We also created pixel blocks to hold the data in between 
the stages of reading, processing, and writing, as shown in Figure 7.

 The read thread loops and fills the read blocks with groups of pixels. When 
the entire set of read blocks have been filled, the read thread waits for a signal 
that another read block is empty and ready to be filled. The structure for the read 
thread is shown in Figure 8.

Figure 7. Threaded programming with I/O completion ports and pixel blocks to interface 
between the functional threads.
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 The processing thread takes a block of pixels from the read blocks and process-
es them.  These threads have to wait for a read block that has been successfully 
filled, and the processing thread listens for the read thread to call PostQueued-
CompletionStatus.
 We use a timeout of five seconds to indicate that all of the blocks have been 
processed and there are no more pixels to be processed.  As soon as a processing 
thread fills its array of results it places the results in a write block and notifies 
the write thread that it has data to write out.  The write thread then locates the 
proper block in the file and writes it out.

RESULTS

 We ran the metrics program on two separate machines.  We used an image of 
the conterminous United States for all of the tests.  The image was 2889 rows by 

#define NUM_READ_BLOCKS 5
HANDLE completionPortIO;
 completionPortIO = CreateIoCompletionPort(INVALID_HANDLE_VALUE, NULL,
 0, NUM_PROCESSING_THREADS);
HANDLE WorkItemFinishedEvent;
WorkItemFinishedEvent = CreateEvent(NULL, FALSE, FALSE, NULL);
volatile bool * Block States;
 BlockStates=new bool[NUM_READ_BLOCKS];
for(int i=0; i<NUM_READ_BLOCKS; i++)
 BlockStates[i]=false;
while(CURRENT_PIXEL<image_size)
{
 BOOL bReadFromFile=false;
 for(int i=0; i<NUM_READ_BLOCKS; i++)
 {
  if(BlockStates[i]==false)
  {
   BlockStates[i]=true;
   //call read_func();
   //increment CURRENT_PIXEL
   bReadFromFile=true;
    PostQueuedCompletionStatus(completionPortIO,
    SIZE_OF_BLOCK, i, NULL);
  }
 }
 if(!bReadFromFile)
 {
  WaitForSingleObject(WorkItemFinishedEvent, INFINITE);
 }
}

Figure 8. Read thread structure on a win32 system.
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4587 columns with 52 bands; it was 672,946 KB.  For testing purposes, machine 
one was an AMD 2500 with 1 GB of RAM, and machine two was a dual Cel-
eron, each processor running at 400 MHz, with 196 MB of RAM.  The initial 
per-pixel version of the metrics ran on machine one in one hour and 18 minutes.  
While it performed much faster than the IDL metrics, which could calculate the 
metrics in one hour and 38 minutes on a machine with a 3.2 GHz processor and 
2 GB of RAM, we were not impressed with the running time.  The per-pixel ver-
sion completed on the dual Celeron in 21 hours and 49 minutes, which was also 
unimpressive.  However, after we had addressed some of the reading and writing 
issues with our second version, the metrics completed much faster.  With blocked 
I/O, machine one completed in eight minutes and 58 seconds and machine two 
completed in one hour and six minutes.  The threaded version completed in 23 
minutes on machine two, and it completed in nine minutes and 49 seconds on 
machine one.  Our final version utilizing threads and IO Completion Ports saw 
a drop in time on both machines.  Machine one completed in six minutes and 
55 seconds; machine two completed in 19 minutes and 56 seconds.

DISCUSSION

 The main reason that there was such a huge improvement from the first 
version of the application (per-pixel) to the second was due to the fact that the 
program had much less disk access.  We saw another large performance increase 
on our dual Celeron in our third version when we added threads; adding threads 
allowed both processors to be utilized.  The reason for the drop in performance 
on the AMD is because of the context switching that the processor has to do 
when threads are used.  Unless separate threads are used appropriately to do vary-
ing tasks on a single processor machine, threads do not necessarily provide an 
advantage.  Multiple threads all executing the same code can slow the machine 
down, as demonstrated here.  Multiprocessor and hyper-threaded machines can 
actually execute multiple threads simultaneously so threads are an advantage for 
them, even if the threads are executing the exact same code.  Threads did pro-
vide an advantage on the single processor machine (AMD) when we separated 
the reading and writing functions from the processing code and employed an 
efficient communication system between the threads.
 Future versions of this software could implement parallel prefix8 calculations 
to take advantage of massively parallel architectures like the ncube at the USGS 
National Center for Earth Resource Observation System (EROS) in Sioux Falls, 
South Dakota.  Parallel prefix calculations can perform operations such as sum-
mation, locating a maximum, and locating a minimum extremely efficiently; 
such operations can be completed in O(logn) time on n items with n processors.  
This would allow the most time intensive calculations such as the Start of Season, 
End of Season, and Integrated NDVI to be derived in real time.
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ABSTRACT  

 Genotypic variation in ability to regenerate via organogenesis was inves-
tigated in 104 F5 sunflower (Helianthus annuus) mutant lines derived from 
AS-613, following gamma irradiation at 7500 rads and selection in M2, M3 and 
M4. Cotyledonary explants were placed on regeneration media for 5 days, then 
cultured on development media for 3 weeks. Percent regeneration (PR), number 
of shoots per regenerating explant (SER), and other characteristics of regenera-
tion were analyzed by general linear model (GLM) analysis of variance. GLM 
models were highly significant (p<0.0001), with R2s of 0.50 and 0.57 for PR and 
SER, respectively. PR and SER differed among replicates and among lines. Mean 
PR ranged from 9% to 84%. Mean SER ranged from1.2 to 6.1 shoots. Most 
shoots arose from the proximal end of the explants. Genotypic variation was also 
evident in the ability to regenerate shoots from the central, marginal, or distal 
areas of the explants.

INTRODUCTION

 Sunflower (Helianthus annuus L.) can be regenerated by organogenesis or 
somatic embryogenesis from many tissues (Alibert et al., 1994; Robinson and 
Everett, 1990). Organogenesis has often been obtained from cotyledons of ma-
ture seed (Abdoli et al., 2003; Baker et al., 1999; Ceriani et al., 1992; Chraibi et 
al., 1991, 1992a, 1992b; Greco et al., 1984; Knittel et al., 1991; Nestares et al., 
1996). Sunflower displays considerable genotypic variation for regeneration from 
cotyledons (Deglene et al., 1997; Sarrafi et al., 1996a, 1996b, 2000; Nestares et 



88 Proceedings of the South Dakota Academy of Science, Vol. 84 (2005)

al., 2002). Al-Chaarani et al. (2005) found that gamma irradiation improved 
genetic variability for organogenesis and other traits in sunflower. 
The objective of the work described here was to characterize the organogenesis 
response of mutant lines derived following gamma irradiation of AS-613, an 
inbred line with high-organogenesis response developed at INP-ENSAT (Sarrafi 
et al., 2000). 

MATERIALS AND METHODS

 Seeds of AS-613 and 103 M4-5 mutant lines derived from AS-613 following 
gamma irradiation at 7500 rads and selection in M2, M3 and M4  were provided 
by A. Sarrafi (INP-ENSAT). Achenes were washed 3 minutes in 70% ethanol, 
rinsed briefly in 1.2% sodium hypochlorite plus 0.08% Tween 20, and placed 
in distilled water while the pericarps were removed. Seeds were washed for 10 
minutes in 1.2% sodium hypochlorite plus 0.08% Tween 20, with stirring, then 
rinsed 3 times in distilled water and twice in sterile distilled water. Seeds were 
placed on germination media consisting of 1/2 strength MS media (Murashige 
and Skoog, 1962) containing 15 g l-1 sucrose and 6 g l-1 Sigma Type A agar, pH 
5.7, autoclaved 20 min at 120 C and 15 psi. Seeds were geminated for 14 to 19 
hours at 21 to 27C and 16 hr light (60-115 umol m-2 s-1)/8 hr dark. There were 
16 seeds per replicate and 3 replicates per line.
 Seed coats were removed and the hypocotyl and primary shoot were excised 
from each seed. Each cotyledon was cut in half across the longitudinal axis, and 
the distal section was discarded. The proximal sections were placed abaxial side 
down onto regeneration (R) media consisting of full strength MS (Murashige 
and Skoog, 1962) with 50 mM KNO3, 1 mM myo-inositol, 0.5 gl-1 casein 
hydrolysate, 4.4 uM BAP, 2.7 uM NAA, 30 gl-1 sucrose, 6 gl-1 Sigma Type A 
agar, pH 5.7, autoclaved 20 min at 120 C and 15 psi, and poured into 55X10 
mm petri plates. Each plate contained 4 explants. Plates were sealed with Para-
film, labeled and placed in the culture room at ~21 to 27 C and 16 hr light/8 
hr dark for 4 days in the first replicate and for 5 days in the second and third 
replicates. Explants were then transferred to development (D) media consisting 
of full strength MS (Murashige and Skoog, 1962) with 50 mM KNO3, 1 mM 
myo-inositol, 0.5 gl-1 casein hydrolysate, 2.2 uM BAP, 0.05 uM NAA, 30 gl-1 

sucrose, 6 gl-1 Sigma Type E agar, pH 5.7, autoclaved 20 min at 120 C and 15 
psi, and poured into 100X20 mm petri plates. Plates were sealed with Parafilm 
and placed in the culture room at ~25 C and 16 hr light (60-115 umol m-2 s-1)/8 
hr dark. 
 Data on the number of explants regenerating, number of shoots per explant, 
location of shoots (proximal, central, marginal and distal regions of the explant), 
amount of callusing (on a 0 to 5 scale), and explant weight were collected 2 
weeks after explants were placed on development media. Where a primary shoot 
was inadvertantly left on an explant, this was noted but the primary shoot was 
not included in the calculation of percent regeneration or shoot numbers. Per-
cent regeneration (PR) was calculated as PR=(r/e)*100, where r=the number of 
explants regenerating one or more shoots excluding the primary, per plate, and 
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e=the number of explants plated.  Shoots per explant regenerating (SER) was 
calculated as SER=(s-sp)/e, where s= the total number of shoots per plate, sp=the 
number of primary shoots, and e=the number of explants plated. A cluster of 4 
or 5 emerging shoot or leaf primordia was counted as a single shoot. The total 
number of shoots arising from regions other than the proximal, i.e., from the 
central, marginal, or distal regions of each regenerating explant (SCMDER), was 
calculated as SCMDER =(SCMD)/e, where SCMD=the number of central, marginal and 
distal shoots. Shoots were also analyzed separately for each location of origin, i.e., 
proximal (SPER), central (SCER), marginal (SMER) or distal (SDER). Mean seed 
weight of each line was determined by weighing 8 individual seeds per line prior 
to preparation.
 Data were analyzed by General Linear Model analysis of variance (Statistical 
Analysis Systems, Inc). 

RESULTS

 The analysis of variance models were highly significant (p<0.0001), with R2s 
of 0.50, 0.57, and 0.55 for PR, SER, and SCMDER, respectively. Analyses of shoot 
numbers by location were also highly significant (p<0.001), with R2s of 0.45 or 
higher. 
 PR and SER differed among replicates and among lines. Mean PR averaged 
over all lines was 50% in the first replicate, 53% in the second, and 67% in the 
third replicate. Mean PR was normally distributed (Figure 1) and ranged from 
9% to 84%, with a mean of 56% when averaged over all lines and replicates.
 Mean SER averaged over all lines was 3.2 in the first replicate, 2.1 in the 
second, and 2.0 in the third replicate. Mean SER ranged from 1.2 to 6.1 but 

Figure 1. Distribution of mean percent regeneration (PR) among sunflower mutant 
lines.



90 Proceedings of the South Dakota Academy of Science, Vol. 84 (2005)

was skewed to the lower end of the range (Figure 2), with a mean (averaged over 
all lines and replicates) of 2.4.  The mean PR and SER for each line are given in 
Tables 1-2.  
 Most shoots arose from the proximal region of the explant. However, in 29 
lines, at least 1 shoot per explant, on average, originated from central, marginal, 
or distal regions (Figure 3). The combined mean number of shoots at central, 
marginal and distal regions ranged from 0 to 3.9 per explant. Line M5-54-1 
(Figure 4) had the most non-proximal shoots per explant with means of 2.4, 0.3, 
and 1.3 at central, marginal, and distal regions, respectively.  Means and ranges 
of shoots at proximal, central, marginal and distal regions are given in Table 3. 
 Correlations among variables are given in Table 4. PR was positively corre-
lated with SER and negatively correlated with callusing. There was no significant 
association of PR with explant weight. Proximal shoots (SPER) were positively 
correlated with primary shoots inadvertantly left on explants, but all non-proxi-
mal shoots were negatively correlated with the presence of primary shoots. SPER 
was negatively correlated with SDER and not correlated with SCER or SMER.
 Mean seed weight per line was not significantly correlated with mean PR 
or mean callus rating, but was positively correlated with mean explant weight 
(r=0.35, p<0.001) and mean SPER (r=0.21, p<0.05), and negatively correlated 
with mean SCMDER per line (r=-0.39, p<0.0001).
 Some lines regenerated multibranched shoots.  M5-826-2 also produced 
what appeared to be ectopic shoot primordia on leaves of multibranched shoots 
(Figure 5).

Figure 2. Distribution of mean number of shoots per explant regenerating (SER) among 
sunflower lines.
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Table 1. Percent regeneration (PR) of sunflower mutant lines.

Line PR1 Line PR1 Line PR1

M5-378-1 84 a M5-186-1 61 abcdefghijklm M5-483-2 50 cdefghijklmnop

M5-495-1 82 ab M5-368-2 61 abcdefghijklmn M5-286-1 50 cdefghijklmnop

M5-826-2 81 abc M5-214-1 60 abcdefghijklmn M5-247-1 49 cdefghijklmnop

M4-904-1-1 81 abc M5-796-2 60 abcdefghijklmn M5-375-1 49 cdefghijklmnop

M5-85-2 78 abcd M5-582-2 60 abcdefghijklmn M5-785-1 49 defghijklmnop

M5-99-1 77 abcde M4-901-2 59 abcdefghijklmn M5-663-1 49 defghijklmnop

M5-44-1 77 abcde M4-931-2 59 abcdefghijklmn M5-696-1 49 defghijklmnop

M5-99-2 76 abcde M5-53-2 59 abcdefghijklmn M5-858-2 48 defghijklmnop

M5-135-2 74 abcdef M5-435-2 58 abcdefghijklmn M5-325-1 48 defghijklmnop

M5-54-1 73 abcdef M5-96-1 58 abcdefghijklmn M4-886-3 48 defghijklmnop

M5-129-2 72 abcdefg M5-357-1 58 abcdefghijklmn M5-46-1 47 defghijklmnop

M5-374-1 71 abcdefgh M5-66-1 58 abcdefghijklmn M5-472-1 47 defghijklmnop

M5-133-1 71 abcdefgh M5-427-1 58 abcdefghijklmn M5-502-2 45 efghijklmnop

M4-873-1 68 abcdefghi M5-216-2 57 abcdefghijklmn M5-281-1 43 fghijklmnop

M5-386-1 68 abcdefghi M5-33-2 57 abcdefghijklmn M5-179-1 43 fghijklmnop

M5-143-2 68 abcdefghi M5-322-2 57 abcdefghijklmn M5-676-1 42 fghijklmnop

M4-936-1 68 abcdefghi M5-333-2 57 abcdefghijklmn M5-854-1 42 fghijklmnop

M5-147-2 68 abcdefghi M5-862-2 57 abcdefghijklmn M5-522-1 42 fghijklmnop

M5-691-1 67 abcdefghi M5-116-2 57 abcdefghijklmn M5-568-2 42 fghijklmnop

M5-85-3 67 abcdefghi M5-652-1 57 abcdefghijklmn M5-417-1 40 ghijklmnop

M5-36-2 67 abcdefghi M5-63-1 57 abcdefghijklmn M5-842-2 39 hijklmnop

M5-42-1 66 abcdefghi M4-886-2 55 abcdefghijklmno M5-775-2 37 ijklmnop

M5-447-1 66 abcdefghi M5-853-2 55 abcdefghijklmno M5-106-1 36 ijklmnop

M4-917-1 66 abcdefghi M4-894-2 54 abcdefghijklmnop M5-865-1 33 jklmnopq

M5-78-1 66 abcdefghi M5-381-1-1 54 abcdefghijklmnop M5-531-2 32 klmnopq

M5-88-3 66 abcdefghi M5-792-2 54 abcdefghijklmnop M4-873-2 31 klmnopq

M5-477-2 65 abcdefghi M5-485-1 53 abcdefghijklmnop M5-795-2 31 klmnopq

M5-89-1 65 abcdefghi M5-609-2 53 abcdefghijklmnop M5-791-1 31 lmnopq

M5-118-3 65 abcdefghi M5-213-1 53 abcdefghijklmnop M5-548-1-1 30 mnopq

M4-900-2 65 abcdefghi M5-225-2 53 abcdefghijklmnop M5-331-2 30 mnopq

M5-38-1 64 abcdefghij M5-485-2 52 abcdefghijklmnop M5-39-2-2 30 nopq

M5-263-2 64 abcdefghij M4-871-1 52 abcdefghijklmnop M5-796-1 25 opq

M5-338-2-2 62 abcdefghijk AS-613 51 bcdefghijklmnop M5-862-1 24 pq

M5-133-2 62 abcdefghijkl M5-771-1 51 bcdefghijklmnop M5-743-3 9 q

M5-52-1 61 abcdefghijklm M5-509-1 50 cdefghijklmnop
1 Means followed by the same symbol do not differ by Student-Newman-Keuls' test.
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Table 2. Number of shoots per explant regenerating (SER) of sunflower mutant lines.

Line SER1 Line SER1 Line SER1

M5-54-1 6.1 a M5-63-1 2.4 cdefgh M5-417-1 1.9 efgh

M5-378-1 4.7 b M5-338-2-2 2.4 cdefgh M5-213-1 1.8 efgh

M5-36-2 4.1 bc M5-263-2 2.4 cdefgh M5-88-3 1.8 efgh

M4-904-1-1 4.1 bcd M5-46-1 2.4 cdefgh M6-609-2 1.8 efgh

M5-495-1 3.7 bcde M5-116-2 2.3 cdefgh M4-873-2 1.8 efgh

M5-33-2 3.6 bcdef M5-835-2 2.3 cdefgh M5-39-2-2 1.8 efgh

M5-52-1 3.5 bcdefg M5-865-1 2.3 cdefgh M5-216-2 1.8 efgh

M5-509-1 3.5 bcdefg M5-836-1 2.3 cdefgh M4-894-2 1.8 efgh

M5-186-1 3.2 bcdefgh M4-931-2 2.3 cdefgh M4-917-1 1.8 efgh

M5-179-1 3.2 bcdefgh M5-129-2 2.3 cdefgh M5-842-2 1.8 efgh

M5-133-2 3.1 bcdefgh M5-743-3 2.2 cdefgh M5-568-2 1.8 efgh

M5-826-2 3.1 bcdefgh M5-477-2 2.2 cdefgh M5-771-1 1.7 efgh

M5-375-1 3.0 bcdefgh M5-435-2 2.2 cdefgh M5-78-1 1.7 efgh

M5-38-1 3.0 bcdefgh M5-582-2 2.2 cdefgh M5-247-1 1.7 efgh

M4-871-1 2.9 bcdefgh M5-775-2 2.2 cdefgh M5-785-1 1.7 efgh

M5-485-2 2.9 bcdefgh M4-886-2 2.2 cdefgh M5-99-2 1.7 efgh

M5-374-1 2.9 bcdefgh M4-936-1 2.2 cdefgh M5-548-1-1 1.7 efgh

M5-99-1 2.9 bcdefgh M5-143-2 2.2 cdefgh M5-858-2 1.7 efgh

M5-214-1 2.9 bcdefgh M4-901-2 2.2 cdefgh M5-96-1 1.7 efgh

M5-42-1 2.8 cdefgh M5-66-1 2.2 cdefgh M5-652-1 1.6 efgh

M5-357-1 2.8 cdefgh M5-85-3 2.2 cdefgh M5-325-1 1.6 efgh

M5-531-2 2.8 cdefgh M5-118-3 2.1 cdefgh M5-792-2 1.6 efgh

M5-85-2 2.8 cdefgh M5-368-2 2.1 cdefgh M5-472-1 1.6 efgh

M4-886-3 2.7 cdefgh M5-795-2 2.1 cdefgh M5-796-1 1.5 efgh

M5-135-2 2.6 cdefgh M5-427-1 2.1 cdefgh M5-676-1 1.5 efgh

M5-485-1 2.6 cdefgh M5-854-1 2.0 cdefgh M5-381-1-1 1.4 fgh

M5-322-2 2.6 cdefgh AS-613 2.0 cdefgh M5-663-1 1.4 fgh

M5-281-1 2.6 cdefgh M5-791-1 2.0 cdefgh M5-286-1 1.4 fgh

M5-53-2 2.5 cdefgh M5-447-1 2.0 defgh M5-106-1 1.4 fgh

M5-44-1 2.5 cdefgh M4-900-2 2.0 defgh M5-696-1 1.4 gh

M4-873-1 2.5 cdefgh M5-147-2 2.0 efgh M5-862-1 1.3 gh

M5-483-2 2.4 cdefgh M5-225-2 1.9 efgh M5-331-2 1.3 gh

M5-89-1 2.4 cdefgh M5-691-1 1.9 efgh M5-522-1 1.3 gh

M5-796-2 2.4 cdefgh M5-133-1 1.9 efgh M5-333-2 1.2 h

M5-502-2 2.4 cdefgh M5-962-2 1.9 efgh
1 Means followed by the same symbol do not differ by Student-Newman-Keuls' test.
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DISCUSSION

 The mutant lines displayed extensive variation for organogenesis parameters, 
and means differed significantly among genotypes. Although most shoots origi-
nated at the proximal end of explants, 28% of the lines also regenerated shoots 
at other explant regions, and proximal shoots were negatively correlated or not 
correlated with central, marginal or distal shoots, suggesting the possibility of in-
dependent genetic effects in regeneration potential from different explant regions. 
Shoot production was negatively correlated with callusing, which has been found 
to inhibit shoot development (Ceriani et al., 1992; Knittel et al., 1991). 

Figure 3. Shoots originating at A. proximal and distal; B. marginal; and C. central regions 
of explants.



94 Proceedings of the South Dakota Academy of Science, Vol. 84 (2005)

Figure 4. Explants of M5-54-1. A. Extensive shoot proliferation at proximal, distal and 
marginal regions; B. One proximal and 4 distal shoots.
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Table 3. Mean and range of shoots originating at 4 explant regions.

Region of shoot origin Mean Minimum Maximum 

Proximal 2.0 0 17.5
Central 0.2 0 20.0
Marginal 0.1 0 9.5
Distal 0.4 0 7.2

Table 4. Correlations among percent regeneration (PR), shoots per explant regenerating 
(SER), proximal shoots per explant regenerating (SPER), central shoots per explant regen-
erating (SCER), marginal shoots per explant regenerating (SMER), distal shoots per explant 
regenerating (SDER), primary shoots, callus, and explant weight (ExplWt).

Variable PR SER SPER SCER SMER SDER Primary Callus ExplWt

PR 0.2**** -0.08*** 0.09**** 0.06** 0.21**** 0.06** -0.09*** 0.001 ns

SER 0.40**** 0.65**** 0.51**** 0.52**** -0.07** 0.02 ns 0.06*

SPER -0.05 ns 0.01 ns -0.05 * 0.50**** -0.19****  0.03 ns

SCER 0.18**** 0.13**** -0.06** 0.02 ns 0.004 ns

SMER      0.16**** -0.08*** 0.05* 0.02 ns

SDER       -0.13**** 0.09**** 0.06 ns

Primary        -0.27**** -0.01 ns

Callus         0.53****

ExplWt

Figure 5. Possible ectopic shoots arising along the margin of a leaf of a multibranched 
organogenic shoot of M5-826-2.
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ABSTRACT

 Bacterial colonization of the gills of juvenile rainbow trout (Oncorhynchus 
mykiss) was surveyed during hatchery rearing in normal (high water flow) and 
potentially pathogenic conditions (low water flow).  The changes in bacterial 
colony forming units (CFUs) per gram of gills were monitored, and the most 
common bacterial colony morphotypes by biochemical tests and sequencing of 
16S rRNA genes identified. Total bacteria CFUs were considerably greater in the 
low water flow tanks than in the high flow tanks.  Both an increase in the rate of 
water flow or treatment with chloramine-T greatly reduced bacterial CFUs in the 
low water flow tanks.   Flavobacterium sp. exhibited a twofold increase in CFUs 
after chloramine T treatment, while Deinococcus sp. was more abundant in low 
water flow tanks.  Flavobacterium sp. may opportunistically recolonize the gills 
after treatment with chloramine-T.   

Keywords

 Rainbow trout, Oncorhynchus mykiss, gills, Flavobacterium, chloramine-T, 
bacteria
  

INTRODUCTION

 Bacterial colonization of the gills of salmonid fish in hatcheries is of im-
portance, particularly because of  occasional outbreaks of bacterial gill disease 
(BGD).  BGD is caused by the bacterium Flavobacterium brachiophillum and 
often leads to a fatal infection (Lumsden et al. 1994; Wabayshi et al. 1989; 
MacPhee et al.. 1995; Speare et al. 1991).  Few studies have examined the com-
position of the communities of heterotrophic bacteria on the gills of salmonids. 
Pigmented, aerobic, gram-negative rods, including species of Cytophaga and 
Flavobacterium, are abundant on the gills of adult salmonids in fresh water, along 
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with species of Pseudomonas, Aeromonas, and coryneform bacteria (Trust 1975; 
Nieto et al. 1984).  Total numbers of culturable bacteria on the gills of adult, 
hatchery-reared salmonids are reported to be about 2 X 105 colony forming units 
per g gill tissue (Trust 1975), which suggests that at least some species of Flavo-
bacterium may normally be abundant on the gills of healthy fish. 
 Scanning electron micrographs of the gills of turbot indicated that much 
of surface of gill lamellae is free of bacterial cells (Mudharris and Austin 1988), 
probably because of the constant flow of mucus over the gills (Dersen et al. 
1998).  Physiological conditions that inhibit the flow of mucus over gills, such 
as low oxygen content in water, may greatly increase the number of particles and 
bacteria (Dersen et al. 1998). Other factors, such as the induction of an immune 
response due to previous bacterial exposure, may be important in reducing bacte-
rial numbers on the gills of adult fish, and protecting them from BGD (Lumsden 
et al. 1994).  One recent study suggests that growth of the pathogen Flavobacte-
rium columnare may be inhibited due to the production of compounds, such as 
siderophores by Pseudomonas species (Tiirola et al. 2002). 
 In a brief survey of heterotrophic bacteria on the gills of 20 juvenile (six 
month old) rainbow trout (Oncorhynchus mykiss), colony forming units (CFU) 
were highly variable but averaged about 5 X 104 CFU/g of gill tissue (D.J. Berg-
mann and G. Crabtree, unpublished, 2002).   Most of the bacterial colonies 
recovered from gills had morphological and biochemical characteristics of the 
genus Flavobacterium (Holt et al. 1994). 
 Although the normal bacterial flora of the gills of adult salmonids has been 
studied by traditional cultivation-based methods, the bacterial flora of the gills 
of juvenile trout, which is the stage most susceptible to BGD, is not known. The 
etiology of BGD and mode of infection of the gills by F. brachiophilum have 
been extensively studied, but there have not been any studies of whether any 
other species of bacteria normally present on gills might either enhance or inhibit 
infection of gills by F. brachiophilum.  Yet another question concerns the use of 
the bactericide chloramine-T, which has been used experimentally to treat BGD 
(Bullock et al. 1991). It might be possible that, following chloramine-T treat-
ment, the gills of fish are re-colonized by different assemblages of bacterial species 
than were initially present. In this study, we describe how bacterial density on 
the gills of juvenile rainbow trout is affected by the rate of water flow in rearing 
tanks and by treatment with chloramine T, and  identify the common bacterial 
genera on the gills of juvenile trout. 

     
METHODS

 A total of about 400 juvenile (Cleghorn strain) rainbow trout, approximately 
4 cm long, were placed into each of six 100L tanks. The study was conducted 
from 4-12-03 until 5-6-03 at McNenny State Fish Hatchery, Spearfish South 
Dakota. Two control tanks were designed to simulate good hatchery rearing con-
ditions with high water flow (16 L/min) and daily cleaning. Another two tanks 
were subjected to low water flow (0.5 L/min) and poor sanitation (no cleaning 
of tanks) in an attempt to foster BGD.  In these two low-flow tanks, flow was 
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increased to 16 L/min after mortality of 10% of individuals had been observed.  
A third set of two tanks was also subjected to low water flow (0.5 L/min) and 
poor sanitation.  After mortality rates of 10% were observed, chloramine T treat-
ments occurred (8 mg/L for 60 min), followed by increasing water flow to 16 L/
min. Mortalities were removed from each tank daily.  Following major mortality 
events, approximately 10 dead fish from the low flow tanks were frozen and the 
gills were examined by light microscopy to detect signs of BGD, such as clubbing 
of lamellae.  Fish in all tanks were fed Silver Cup fish feed for trout fry (Nelson 
and Sons, Murray, UT) at a rate of 45 g per day for two days, then 60 g per day 
for two days, and then 100 g per day for the rest of the experiment.  Ten live fish 
from each tank were removed for bacterial samples every three to five days.  
 The gills were removed with sterile forceps.  Half of the gills from each tank 
and sample date were combined and frozen at -70 ºC for later sampling of bac-
terial DNA. The other half of the gill samples of 10 fish were ground up in 2.5 
ml of sterile tap water with a glass homogenizer and serially diluted 1/10. 100 
uL of the undiluted and 1/10 diluted extract of ground fish gills was plated onto 
three Cytophaga agar (CTA) (Anacker and Ordal 1959) and three Tryptic Soy 
agar (TSA) plates, and incubated 3-5 days at 22 ºC. The numbers and types of 
colonies on plates with colonies were recorded, and the plates stored at 5ºC in 
plastic boxes. 
 Ten to 20 colonies of each morphological type were transferred to either 
CTA or TSA slants and cultured three to seven days at 22 ºC before storage at 5 
ºC.  Each isolate was gram-stained, tested for production of acid in glucose phe-
nol red and lactose phenol red broth, tested for catalase activity with hydrogen 
peroxide, and tested for the presence of cytochrome oxidase with tetramethyl-p-
phenylenediamine. 
 Genomic DNA from each bacterial isolate was obtained from a loop-full of 
culture (about 200 mg) using the Dneasy kit, using the protocol for gram-nega-
tive bacteria supplied by the manufacturer (Qiagen, Inc., Valencia, CA), with the 
final volume of genomic DNA solution (5-20 ng/uL) being 50 uL. The genes 
for 16S rRNA were amplified from genomic DNA of most isolates using the eu-
bacterial primers C and D developed by Lane (1991). The primers were diluted 
to 0.1 nMoles/ uL before use, and stock solutions of dNTPs were 10 mM. The 
buffers and Taq DNA polymerase used for PCR were provided in the MasterTaq 
PCR kit by Eppendorf (Westbury, NY). Each PCR reaction consisted of 1.0 uL 
of bacterial genomic DNA, 0.5 uL of each diluted primer, 5 uL of 5X PCR ex-
tender (Eppendorf ), 2.5 uL of 10X buffer (Eppendorf ), 0.5 ul of a 25 mM stock 
of magnesium acetate, 14.5 uL water, and 0.5 uL of Taq DNA polymerase (Ep-
pendorf ). PCR was performed in MJ Minicycler thermal cyclers (MJ Research, 
Watertown, MA) using the program:  94ºC for 4 min; then 35 cycles of (94ºC 
for 30 s, 59 ºC for 1 min, and 72 ºC for 2 min); 72ºC for 10 min and hold at 
5ºC.  
 For a few bacterial isolates, the primers C and D would not amplify the 16s 
rRNA genes from genomic DNA. In these cases, the forward primer LRNNF1,  
5’-CGG-CCC-AGA-CTC-CTA-CGG-GAG-GCA-GCA- 3’, (bp 310 – 340 of 
the E. coli 16S rRNA gene) and reverse primer LRNNR1, 5’-GCG-TGG-ACT-
ACC-AGG-GTA-TCT-AAT-CC- 3’  (bp 770 – 740 of the E. coli 16S rRNA 
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gene) (developed by Jeffery D. Newman, http://lyco.lycoming.edu/~newman) 
were used for PCR using the conditions for PCR described previously but with 
the following program:  94ºC for 4 min; then 35 cycles of (94ºC for 45 s, 59 ºC 
for 45 s, and 72 ºC for 1 min); 72ºC for 10 min and hold at 5ºC
  16S rRNA gene PCR products (200 ng) from each bacterial isolate were di-
gested separately with 5U of restriction endonucleases TaqI and HaeIII, and the 
restriction fragments (RFLPs) separated on a 2% agarose gel. Bacterial isolates 
were grouped together based on sharing a common pattern of RFLPs. At least 
one isolate from each RFLP group had the 16S rRNA PCR product purified us-
ing the Qiagen (Valencia, CA) PCR cleanup kit in preparation for dideoxy-chain 
termination sequencing using the primers RNNF1 and RNNR1 and the Big 
Dye 3.1 kit (Applied Biosystems, Foster City, CA). Sequencing reactions were 
analyzed on Applied Biosystems Avanti 3100 Genetic Analyzer at Black Hills 
State University. 
 For each PCR product, which was sequenced, the nucleotide sequence ob-
tained using primer RNNF1 were aligned with the reverse complement of the 
sequence from primer RNNR1 to edit the final sequence of the 16S rRNA gene 
of the isolate prior to conducting database searches at the University of Califor-
nia San Diego supercomputing center (http://workbench.sdsc.edu/). The final 
edited 16S rRNA sequences were matched against 16S rRNA sequences in the 
Ribosomal Database project at Michigan State University (http://rdp.cme.msu.
edu/cgis/seq_align.cgi?su=SSU).

RESULTS

Bacterial Colony Morphotypes 

 Colonies of bacteria on CTA or TSA agar were divided into seven classes 
based on their visible morphology (Table 1). The most abundant colony mor-
photypes were cream-colored colonies of moderate size (CRM), small, yellow 
pigmented colonies (YS), and small, reddish colonies (PR) . Some colonies, 
which did not fit readily into the seven categories above were classified as “other.” 
In some cases, colony morphology differed on CTA or TSA media. 

Differences in CFU from Trout Gills vs. Treatment and Time

 Despite over 10% mortality of fish in low water flow tanks, BGD was not 
observed based on the absence of gill filament clubbing of or visible bacte-
rial growths on gills. When the numbers of colony forming units (CFU) of all 
morphological types from the fish in each tank are examined throughout the 
sampling period, it is apparent that there is considerable day-to-day variation in 
CFU (Figures 1-3).   This variation was especially evident in the two high-flow 
tanks. In all tanks, CFU were fairly low during the first two sampling periods, 
increased during subsequent sampling periods, and (with the exception of one 
of the control tanks) declined to low CFU by the end of the experiment. As 
expected, bacterial CFU declined following treatment with chloramine-T (after 
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Table 1.  Classification of bacterial isolates from gills of juvenile rainbow trout based 
on colony morphology.

Agar
Bacterial Colony 

Acronym  Color  Description  Diameter (mm)

TSA CRM creamy-tan round, low-convex, smooth 5-12

SID creamy-tan secrete yellow siderophore, 
low-convex, smooth 8-12

CTA IW  whitish slight irregular, flattened, 
translucent border, erose edge 4-8

IL whitish very irregular, large, flat, thin 10-50
TSA and CTA YS  bright yellow  round, convex, smooth 2-3

PR pink-reddish round, smooth, convex 1-2
WS whitish round, smooth, convex 1-2

Figure 1. Mean bacterial colony forming units (CFU) on TSA plates per 0.1 mL of gill 
homogenate vs. sampling date for fingerlings of rainbow trout reared in high water 
flow tanks (HF, diamonds), low water flow tanks without chloramine T treatment (NCT, 
squares), and low water flow tanks treated with chloramine T (CMT, triangeles). For each 
treatment, mean CFU for two tanks are shown, with a vertical line indicating standard 
error of the mean.
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Figure 2. Mean CFU of YS colonies on TSA plates from 0.1 mL of gill homogenate vs 
sampling date for fingerlings in high water flow tanks (HF), low water flow tanks with 
no chloramine T treatment (NCT), and low water flow tanks treated with chloramine 
T (CMT). For each treatment, mean CFU for two tanks are shown, with a vertical line 
indicating standard error of the mean.
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Figure 3. Mean CFU of  PR colonies on TSA plates from 0.1 mL of gill homogenate vs. 
sampling date for fingerlings in high water flow tanks (HF), low water flow tanks with 
no chloramine T treatment (NCT), and low water flow tanks treated with chloramine 
T (CMT).  For each treatment, mean CFU for two tanks are shown, with a vertical line 
indicating standard error of the mean.
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4/29/03) in the two low flow tanks, but abrupt declines in CFU were observed 
in tanks not treated with chloramine-T as well. This decline in bacterial CFUs 
in the two low-flow tanks not treated with chloramine-T appeared to coincide 
with an increase in water flow from 0.5 L/ min to 16 L/ min following increased 
mortality in these tanks.  However, large differences in total CFUs and types of 
colonies were observed between tanks having the same experimental treatments, 
for example the two high-flow tanks.  
 The PR colony morphotype was most abundant in the four low water flow 
tanks and was uncommon in the two high water flow tanks (Figure 4). The YS 
colony morphotype appeared to increase in relative abundance in the two tanks 
treated with chloramine-T. 
  

Characterization of Bacterial Isolates
From Each Colony Morphology Type

 Colonies of the CRM morphotype were abundant from fish gill bacteria 
plated on TSA.  Twenty CRM colonies were transferred to TSA agar slants for 
further characterization.  Using primers C and D, 16S rRNA PCR products 
were obtained from 18 of these isolates.  When 16S rRNA PCR products were 
digested with HaeIII and TaqI, four groups of RFLPs were noted.  Ten of the 18 
PCR products had the same RFLP pattern. The PCR product of one of these, 
CRM5, was partially sequenced and closely matched (98% identity over a 171 
nt region) Acinetobacter lwoffii (ascession number U10875).  Four of the 18 
PCR products had another RFLP pattern- one of these, from isolate CRM4, 
was partially sequenced, and most closely matched (100% identity over 365 nt) 
Pseudomonas strain PsI (ascession number AF105387).  Two isolates constituted 
another RFLP group; the PCR product of one,CRM10, was partially sequenced 
and closely matched (100% over 379 nt) Aeromonas salmonocida subspecies 
salmonicida (accession number X60405) a serious pathogen of fish.  The PCR 
product of one isolate, CRM2, constituted another  RFLP group; its partial se-
quenced closely matched that of Pseudomonas strain DhA91 (accession number 
AF177916), which had been isolated from hydrocarbon-contaminated soils in 
the arctic. 
 Colonies of the YS morphotype were frequently recovered from low-flow 
experimental tanks. Ten of these had 16S rRNA genes analyzed by PCR and 
they constituted two RFLP types. One of each RFLP type was sequenced, and 
both were similar (100% identical over 184 nt) to Flavobacterium aquatile ATCC 
11947 (ascession number M2797). 
 Colonies of the PR morphotype were also frequently recovered from low-
flow tanks. The 16S rRNA gene PCR products analyzed all belonged to a single 
RFLP group, whose sequence was similar (100% identical over 583 nt) to Deino-
coccus sp. Strain MBIC3950 (ascession number AB022911).
 Colonies of the IW type were recovered from cytophaga agar plates. The 
RFLP patterns of the PCR products of the 16S rRNA genes of ten colonies were 
analyzed. Three RFLP groups were present. Seven of the ten had same RFLP pat-
tern as isolate IW6, whose sequence closely matched that of Acinetobacter strain 
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LY1 (ascession number AJ007008). Another RFLP group, shown by isolate 
IW1, was similar to Pseudomonas strain P51 (ascession number AF015487). 

DISCUSSION

 Numbers of culturable heterotrophic bacteria on the gills of juvenile trout 
could not be estimated with precision due to high variability between different 
samples in the same experimental treatment, although estimates of CFUs/g of 
gill tissue are the same magnitude as those found in literature.  Perhaps the high 
variability in estimated CFU per fish in a tank  might be due  to high variability 
in CFU on the gills of individual fish, coupled with the low sample sizes used in 
the study.  To improve the rather poor accuracy of CFU estimates, one would 
ideally wish to increase the number of fish sampled in each treatment group. 
However, because about five min were required to process the gills of each indi-
vidual fish, sampling large numbers of fish would be very labor-intensive.
 In general, bacterial numbers on gills were higher in tanks with low water 
flow. Increasing water flow in low-flow tanks appeared to reduce bacterial num-
bers as much as addition of chloramine-T (combined with increased water flow). 
Flavobacterium species, but not F. branchiophilum, were common, especially in 
low-flow tanks. However, PR colonies were more abundant in low-flow tanks. 
Other common bacteria included species of Pseudomonas, Acinetobacter, and 
Deinococcus.  Aeromonas salmonocida may also be present.  While some colony 
morphotypes, such as YS (Flavobacterium) and PR (Deinococcus) appeared to 
represent a single species, others, such as CRM, contained multiple genera. 
  Our methods have provided estimates of CFU on the gills of juvenile trout 
comparable in magnitude to those obtained by others (Austin 2002).  A few ten-
tative conclusions can be drawn from numbers of CFU from the gills of hatchery 
trout. Maximum numbers of CFU from plates of CTA 2753 +- 2831 (4.6 X 105 

CFU/g gill tissue) were higher than those from TSA plates (645+- 507 (1.1 X 
105 CFU/g gill tissue).  
 We did not observe outbreaks of BGD in the low water flow tanks, despite 
mortality of over 10% of the individuals in the tanks. The rate of water flow in 
hatchery tanks has a strong influence on the numbers of bacteria on the gills of 
juvenile trout, with bacterial numbers much higher on the gills of fish reared 
under low water flow conditions than under high water flow conditions. Possibly, 
poor oxygenation in tanks with low water flow might inhibit the flow of mucus 
over the gills of fish, as was reported by Derksen et al.. (1998).  It is possible that 
increasing the rate of water flow in rearing tanks might reduce the risk of infec-
tion of juveniles from F. branchiophilum, or other bacteria, simply by increasing 
the rate at which bacteria and other particles are removed from the gills. 
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ABSTRACT

 Relative abundance and diversity of small mammal populations in exotic 
and reseeded native grassland plots were evaluated during the fall of 2004 at West 
Oakwood Lakes Game Production Area, Brookings County, South Dakota.  
Exotic grassland plots were defined as areas dominated by smooth brome (Bro-
mus inermis) and Kentucky bluegrass (Poa pratensis).  Big bluestem (Andropogon 
gerardii), Indiangrass (Sorghastrum nutans), and switchgrass (Panicum virgatum) 
dominated plots defined as reseeded native grassland.  A total of 36 small mam-
mals representing six species were captured over 727 operable trap nights in 
four grassland plots using Museum Special snap traps from 25 September to 1 
October 2004.  Shrew species (Blarina and Sorex spp.) comprised 57% and 73% 
of the total small mammal captures in the exotic and reseeded native plots respec-
tively.  Based on relative abundance there was significantly greater small mam-
mal abundance in the exotic plots than in the reseeded native plots (x2 = 35.04,  
p < 0.0001).  Northern short-tailed shrew (Blarina brevicauda) (x2 = 11.36,  
p = 0.0008) relative abundance was significantly greater in the reseeded native 
plots than in the exotic plots, whereas relative abundance of all other species, 
except the western harvest mouse (Reithrodontomys megalotis), were significantly 
greater in the exotic plots than in the reseeded native plots.  Alpha diversity 
was significantly greater in the exotic plots than in the reseeded native plots  
(x2 = 22.21, p = 0.035).  However, Shannon-Wiener Index richness and evenness 
values were similar in the exotic and reseeded native plots.  Our data indicates a 
higher relative abundance of small mammals and greater within habitat diversity 
in exotic grasslands than in reseeded native grasslands.
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INTRODUCTION

 Small mammals are a significant wildlife component affecting the overall 
biota of most grassland ecosystems (Batzli and Pitelka 1970, Schwartz and 
Schwartz 1981, Pendleton 1984, Wilson and Bromley 2001).  Anthropogenic 
activities in grassland ecosystems have influenced and changed small mammal 
populations, and the response of small mammals to landscape changes is spe-
cies specific and varies between habitat alterations.  For example, Kaufman 
and Kaufman (1989) reported that deer mice (Peromyscus maniculatus) respond 
positively to the conversion of grassland to croplands, while western harvest mice 
(Reithrodontomys megalotis) responded negatively to the same activity.  In eastern 
South Dakota, habitat alteration effects on small mammals have been evaluated 
in croplands (Pinkert et al. 2002, Terrall et al. 2002), shelterbelts (Barnes and 
Linder 1982), and in restored and native prairies (Kezar and Jenks 2004).  How-
ever, little information is available on small mammal abundance and diversity 
evaluations comparing exotic and reseeded native grassland habitats.  Before this 
study, Sand Lake National Wildlife Refuge was the only area in South Dakota 
with a comparative study of small mammal populations in tame and seeded na-
tive grasslands (Meeks and Higgins 1998).  Therefore, the purpose of this study 
was to determine the abundance and diversity of small mammals in exotic and 
reseeded native grasslands and to determine if their occurrence varied in relation 
to vegetative characteristics of these two habitat types.  

STUDY AREA

 This study was conducted in the northwest corner of Brookings County in 
eastern South Dakota on the West Oakwood Lakes State Game Production Area 
(SE1/4 Sec 35 T112N R52W).  The site is located in the Central Prairie Coteau 
region, in the cool moist prairie soil zone where average annual temperature 
ranges from 5º to 7.2ºC and average annual rainfall ranges from 45.6 to 55.2 cm 
(Westin and Malo 1978).  Previous land use resulted in a patchwork of habitat 
types.  Four study plots were chosen, of which, two were reseeded native plots 
dominated (> 50%) by big bluestem (Andropogon gerardii), switchgrass (Panicum 
virgatum), and Indiangrass (Sorghastrum nutans) and two were exotic grassland 
plots dominated (> 50%) by smooth brome (Bromus inermis) and Kentucky 
bluegrass (Poa pratensis) (Table 1).  One native (Site 2) and one exotic plot (Site 
1) were in close proximity to a 1/2 ha wildlife food plot containing corn with a 
foxtail barley (Hordeum jubatum) understory and a cultivated corn field, while 
the other native (Site 3) and exotic (Site 4) plots were in close proximity to a 1/2 
ha semipermanent wetland.  
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METHODS

 To reduce edge effects, one 20 m X 20 m trap grid covering an area of  
400 m2 was placed in the center of each plot (Terrall et al. 2002).  Two Museum 
Special regular-sized snap traps baited with a mixture of oatmeal, peanut butter, 
and bacon grease (Higgins et al. 1997) were placed at 0, 5, 10, and 15 m on the 
first and third lines of the grid and at 5, 10, 15, and 20 m on the second and 
fourth lines of the grid.  Trapping was conducted for seven consecutive nights 
from 25 September to 1 October 2004 for a total of 896 trap nights.  Traps 
were checked daily after sunrise and reset or baited as needed before sunset.  All 
captures were bagged and cross-referenced to data sheets by date, grassland plot, 
and trap number.  The specimens were then frozen for later identification in the 
lab.
 Vegetation measurements were taken to determine plant community char-
acteristics within the two grassland types.  The total number of plant species 
found within trap grids was used as a measure of plant species richness.  Vegeta-
tion visual obstruction readings (VORs) (Robel et al. 1970) were taken at 5 m 
intervals along four 20 m transects adjacent to and parallel of the trap grid lines.  
Laser point frame device measurements (Alexander et al. 2004) were taken at 2 
m intervals along the same 20 m transects to determine plant species composi-
tion.  
 Relative abundance of small mammals was calculated per 1000 trap nights 
for the total number of captures per operable trap night (Pinkert et al. 2002).  An 
operable trap night was defined as any trap containing a small mammal specimen 
or any trap that was not sprung (Higgins et al. 1997).  Chi-square analysis was 
used to determine if differences occurred in the proportion of individual species 
and total number of captures occurring between the two grassland types.  Analy-
sis of variance was used to determine if differences occurred in mean cover height 
between the two grasslands and regression analysis was used to determine if any 
relationships existed between vegetation characteristics and capture success.  All 

Table 1.  Percent composition of exotic and native plant species in the four 400m2 grass-
land study plots at West Oakwood Lakes Game Production Area, Brookings County, SD, 
during 2004 based on laser point frame device measurements.

Species

RESEEDED NATIVE EXOTIC

Site 2 Site 3 Site 1 Site 4

Kentucky bluegrass (Poa pratensis) 12.5 0 10.0 37.5
Smooth brome (Bromus inermis) 17.5 0 90.0 52.5
Sweetclover (Melilotus spp.) 0 0 0 10.0
Big bluestem (Andropogon gerardii) 45.0 27.5 0 0
Indiangrass (Sorghastrum nutans) 22.5 65.0 0 0
Switchgrass (Panicum virgatum) 0  7.5 0 0
% Native grass species 67.5 100 0 10
% Exotic grass species 30.0 0 100 90
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statistical analyses were conducted using STATISTX 8, using an alpha level of 
0.05.  Small mammal species diversity values were determined using Biodiversity 
Pro software to calculate richness and evenness values based on Shannon-Wiener 
Index and Alpha Diversity Indices of the small mammal population.  

RESULTS

 A total of 36 small mammals representing six species was captured over 727 
operable trap nights in the four grassland plots (Table 2).  Northern short-tailed 
shrews (Blarina brevicauda) (n = 14) were the most abundant species captured 
followed by prairie voles (Microtus ochrogaster) (n = 9), pygmy shrews (Sorex hoyi) 
(n = 5), masked shrews (Sorex cinereus) (n = 4), thirteen-lined ground squirrels 
(Spermophilus tridecemlineatus) (n = 3), and a western harvest mouse (n = 1).  
Sixty-four percent of the total captures were shrew species (Blarina and Sorex 
spp.) and 25% were prairie voles.  A total of 21 small mammals was captured in 
the exotic grasslands whereas 15 small mammals were captured in the reseeded 
native grasslands. Northern short-tailed shrews (n = 7) were the most abundant 
captures in the reseeded native grasslands, whereas northern short-tailed shrews 
and prairie voles were captured in similar abundance (n = 7) in the exotic grass-
lands (Table 2).
 Total small mammal relative abundance was significantly greater in the 
exotic plots than in the reseeded native plots. (x2 = 35.04, df = 1, p < 0.0001). 
Relative abundance of northern short-tailed shrews (x2 = 11.36, df = 1,  
p = 0.0008) was significantly greater in the reseeded native plots than in the 
exotic plots, whereas relative abundance of prairie voles (x2 = 44.00, df = 1,  

Table 2.  Small mammals captured in reseeded native and exotic grassland plots at West 
Oakwood Lakes State Game Production Area in Brookings County, South Dakota from 
25 September to 1 October 2004 with Museum Special snap traps.

Species

RESEEDED NATIVE  EXOTIC

TotalSite 2 Site 3 Site 1 Site 4

Masked Shrew
(Sorex cinereus) 2 0 2 0 4

Northern Short-tailed Shrew
(Blarina brevicauda) 5 2 0 7 14

Prairie Vole
(Microtus ochrogaster) 2 0 0 7 9

Pygmy Shrew
(Sorex hoyi) 2 0 3 0 5

Thirteen-lined Ground Squirrel
(Spermophilus tridecemlineatus) 0 1 0 2 3

Western Harvest Mouse
(Reithrodontomys megalotis) 0 1 0 0 1

Totals 11 4 5 16 36
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p < 0.0001), pygmy shrews (x2 = 29.00, df = 1, p < 0.0001), masked shrews  
(x2 = 23.00, df = 1, p < 0.0001) and thirteen-lined ground squirrels (x2 = 15.00, 
df = 1, p = 0.0001) were significantly greater in the exotic plots than in the re-
seeded native plots.  Data for the western harvest mouse was insufficient to test 
for a difference in relative abundance; however the only capture occurred in a 
reseeded native plot (Table 3).  
 Based on the Alpha Diversity index values, diversity within the habitats 
was significantly greater in the exotic plots (1.535) than in the reseeded native 
plots (1.085) (x2 = 22.21, df = 12, p = 0.035).  Shannon-Wiener Index diversity 
values were similar between the reseeded native (1.523) and exotic (1.505) plots 
whereas the Shannon-Wiener Index evenness values were slightly greater in the 
exotic plots (0.935) than in the reseeded native plots (0.850).   
 VORs indicated a significantly greater mean vegetation height-density in the 
reseeded native plots compared to the exotic plots (F = 17.68, p = 0.0009) and 
at snap trap locations (F = 28.46, p < 0.0001).  Species richness varied slightly 
between the grassland types.  Plant species richness was nearly equal between the 
reseeded native plots (n = 13) and the exotic plots (n = 12) however, forbs were 
absent in the reseeded native plots whereas five forb species were present in exotic 
plots (Table 4).  
 Regression analysis indicated a positive correlation between the num-
ber of captures and mean VORs in the exotic plots (F = 4.94, p = 0.0679,  
R2 = 0.45), however; there was no apparent relationship in the reseeded native 
plots (F = 1.53, p = 0.2699, R2 = 0.24). Based on mean VORs for the entire 
plot, the greatest number of small mammal species (n = 16) were captured in 
the exotic grassland plot with a mean VOR of 29.1 cm and the least number of 
captures (n = 4) occurred in the reseeded native grassland plot with a mean VOR 

Table 3.  Relative abundance (captures / 1000 operable trap nights) of small mammals 
sampled with Museum Special snap traps in reseeded native and exotic grassland plots at 
West Oakwood Lakes Game Production Area in Brookings County, SD from 25 September 
to 1 October 2004.

Species Reseeded Native Exotic Total

Masked Shrew
(Sorex cinereus) 10 13 23

Northern Short-tailed Shrew
(Blarina brevicauda) 35 34 69

Prairie Vole
(Microtus ochrogaster) 10 34 44

Pygmy Shrew
(Sorex hoyi) 10 19 29

Thirteen-lined Ground Squirrel
(Spermophilus tridecemlineatus) 5 10 15

Western Harvest Mouse
(Reithrodontomys megalotis) 5 0 5

Totals 75 110 185
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of 52.5 cm. Based on mean VOR values at trap locations, the greatest number of 
captures in the exotic plots occurred at 30 cm (n = 7) and in the reseeded native 
plots at 40 cm (n = 3) (Figure 1).

DISCUSSION

 We captured a greater relative abundance and diversity of small mammals 
in grassland plots composed of exotic plant species which averaged shorter and 
less dense than nearby plots composed primarily of seeded native warm season 
plant species. Meeks and Higgins (1998) also reported a higher capture rate and 
greater species richness in tame grassland sites dominated by brome grass than 
in reseeded native grasslands at Sand Lake National Wildlife Refuge in Brown 
County, SD.   The exotic grassland plots also contained more forb species than 
the reseeded native plots.  Our findings support Hayslett and Danielson (1994) 
who reported that small mammal populations are influenced by vegetation 
structure more than plant community composition, and Kaufman and Fleharty 
(1974) who suggested that small mammals select habitat types based on plant 
life forms, especially the presence of forbs, rather than specific plant species.  
 The species composition and the relative abundance of the small mammals 
we captured were similar to the results of other studies in eastern South Dakota 
grasslands, except we did not capture any white-footed (Peromyscus leucopus) or 

Table 4. List of plant species present at West Oakwood Lakes Game Production Area in 
Brookings County, SD within the 400 m2 grassland study plots, 2004.

Species

RESEEDED NATIVE EXOTIC

Site 2 Site 3 Site 1 Site 4

Big bluestem (Andropogon gerardii) X X   
Indiangrass (Sorghastrum nutans) X X   
Switchgrass (Panicum virgatum) X X   
Yellow foxtail (Setaria glauca) X    
Kentucky bluegrass (Poa pratensis) X  X X
Smooth brome (Bromus inermis) X  X X
Timothy (Phleum pratense)    X
Canada goldenrod (Solidago canadensis)    X
Canada thistle (Cirsium arvense) X X  X
Heath aster (Aster ericoides)    X
Prairie coneflower (Ratibida columnifera)    X
Stiff goldenrod (Solidago rigida)    X
Sweetclover (Melilotus spp.)  X X X
Wild rose (Rosa arkansana)  X   
Total number of species 7 6 3 9
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deer mice and we captured prairie voles instead of meadow voles (Microtus penn-
sylvanicus) (Higgins et al. 1997, Meeks and Higgins 1998).  Our results showed 
a high proportion of shrews and prairie voles compared to other species, which 
was similar to Terrall et al. (2002) and Kezar and Jenks (2004).  However, the 
large number of pygmy shrews we found was unusual; for example, Kezar and 
Jenks (2004) found only one pygmy shrew in native and one in restored prairies 
whereas other studies in eastern South Dakota grasslands have no record of this 
species in their captures.  The pygmy shrew is believed to occur throughout east-
ern South Dakota (Higgins et al. 2002), but it seems to favor moist prairies and 
riparian woodlands.  We captured this species in the native and exotic plots in 
close proximity to a corn field and a wildlife food plot.  The fact that our survey 
occurred in fall may have contributed to the higher proportion of captures of 
pygmy shrews.  
 Overall the total relative abundance of small mammals was significantly 
greater in the exotic grassland plots than in the reseeded native grassland plots.  
Vegetation structure on the exotic grassland plots had significantly lower mean 
cover height, a higher number of forb species, and overall greater plant species 
richness values all of which likely contributed to the greater abundance and di-
versity of small mammal populations in the exotic grassland plots. 

Figure 1.  Relationship between the numbers of captures (y-axis) and the mean vegeta-
tion-height readings (VORs) at trap locations (x-axis) in exotic and reseeded native grass-
land plots at West Oakwood Lakes State Game Production Area in Brookings County, 
SD, 2004.
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ABSTRACT

 Models were developed for the white-tailed deer (Odocoileus virginianus) 
population inhabiting the Black Hills of western South Dakota.  Three sets of 
models were created using harvest data from 1997 through 2003 provided by 
South Dakota Department of Game, Fish and Parks.  Initial population size was 
estimated using harvest mortality rates, survival rates, and total harvest, which 
resulted in starting populations of 43,186 (Set 1 and 3) and 45,355 (Set 2).  
Models for Set 1 were based upon a maximum recruitment rate of 0.9.  Set 1 
models were structured in three ways:  A) linear density dependence; B) using 
a constant fecundity rate of 1.5 fawns/female up to 75% of carrying capacity 
(K) and then converting fecundity to a linear density dependent model; and C) 
nonlinear density dependence weighting the nonlinear function at 75% and the 
linear function at 25% with carrying capacities of 40,000, 50,000 and 60,000 
deer.  Set 2 models were based upon a maximum fecundity of 2 fawns/female 
and were structured in two ways:  A) maximum fecundity of 2 fawns/female 
up to 75% of K and then linear density dependence; and B) nonlinear models 
weighting the nonlinear function at 75% and the linear function at 25% (Ks of 
35,000, 45,000, and 55,000 deer).  Models for Set 3 were structured the same 
as Set 1 using a 0.65 recruitment rate.  A Pearson correlation matrix was created 
to compare model output to total harvest.  The linear density dependent model 
(A) at carrying capacity of 40,000 deer was the most highly correlated model for 
Set 1 (r = 0.810, p=0.027).  The nonlinear/linear density dependent model (B) 
at carrying capacity of 35,000 deer was the most highly correlated for Set 2 (r = 
0.826, p=0.022).  The linear density dependence model (A) at carrying capacity 
of 40,000 deer (r=0.801, p=0.030), and the nonlinear/linear density dependence 
model (C) at carrying capacity of 40,000 deer (r=0.803, p=0.030) were the most 
highly correlated models for Set 3.  Our population model results supported 
conclusions of SDGFP personnel and can be used as a tool to aid managers of 
white-tailed deer in the Black Hills, South Dakota.

Keywords

 Black Hills, Odocoileus virginianus, population model, South Dakota, 
white-tailed deer.
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INTRODUCTION

 Abundance and diversity of wildlife in the Black Hills make it a popular 
destination for hunters and tourists, and add to the quality of life for the people 
residing there.  White-tailed (Odocoileus virginianus) and mule (O. hemionus) 
deer make up a significant portion of this wildlife with an estimated population 
between 40,000 to 45,000 animals (Huxoll 2004).  Applications for deer licenses 
in 2003 were 11,156 for residents and 1,335 for non-residents, who applied for 
5,970 resident and 471 non-resident licenses (Huxoll 2004).  South Dakota deer 
hunters spent an average of $1,581 per year on deer hunting alone, and spent an 
average of 13 days hunting deer per year (U.S. Fish and Wildlife Service 2003).  
Non-consumptive wildlife watching also is popular with 45% of South Dako-
tans participating and spending an average of $738 per year on these activities 
(U.S. Fish and Wildlife Service 2003).
 Population models are important tools that aid management of this resource.  
Population models can help define problems, organize thoughts, understand 
available data, show gaps in data, show research needs, communicate and test our 
understanding, and make predictions (Starfield and Bleloch 1991).  Models of 
populations also allow managers to evaluate hypotheses inherent in management 
plans and gain important insight into changing management strategies before 
costly manipulations are undertaken (Vandermeer and Goldberg 2003).  Cur-
rently, the South Dakota Game, Fish and Parks department (SDGFP) does not 
use a population model to manage the Black Hills white-tailed deer herd.  Our 
objective was to create a population model for the white-tailed deer herd in the 
Black Hills of South Dakota that could be used as a tool to aid wildlife manag-
ers.

STUDY AREA

 The Black Hills are located in western South Dakota and northeastern Wyo-
ming and are an isolated eastern extension of the Rocky Mountains.  The Black 
Hills extend about 190 km north to south and 95 km east to west (Petersen 
1984) and occupy 8,400 km2 of area (Fecske and Jenks 2002).  Elevation in the 
Black Hills ranges from 973-2,202 m above mean sea level (Orr 1959).  Annual 
temperatures range from 5 to 9° C with extremes ranging between -40 to 44° 
C (Thilenius 1972).  Mean annual precipitation ranges from 45-66 cm (Orr 
1959).
 The Black Hills deer unit boundaries begin at the junction of Interstate 90 
(I-90) and the South Dakota-Wyoming border and continue south along I-90 
to the Rapid City Limits.  The unit boundary continues west and south along 
the Rapid City limits to US Highway 16 (US 16).  The boundary follows US 
16 southwest to the eastern boundary of Black Hills National Forest, then south 
along the eastern border of the Black Hills National Forest, Custer State Park, 
and Wind Cave National Park (Custer State Park and Wind Cave National Park 
are excluded from the unit).  The unit boundary continues south along the sec-
tion line to Custer County Rd. 101, then west along 101 to US Highway 385 
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(US 385).  The study unit then follows US 385 to Fall River Co Rd 18, then 
northwest along 18 and Custer Co Rd 333 to SD Highway 89 (US 89) at Argyle, 
then south along SD 89 to Fall River Co Rd 317, then west along 317 to Custer 
Co Rd 319, then west along 319 to Custer Co Rd 715, then west along 715 to 
Custer Co Rd 769, then west along 769 through Dewey to the Wyoming state 
line.  The western border of the unit is the South Dakota-Wyoming State Line.
 Overstory vegetation in the Black Hills is dominated by ponderosa pine 
(Pinus ponderosa) interspersed with white spruce (Picea glauca), paper birch 
(Betula papyrifera), and quaking aspen (Populus tremuloides); burr oak (Quercus 
macrocarpa) occurs at lower elevations (Thilenius 1972).  Understory vegetation 
consists of snowberry (Symphorocarpus albus), serviceberry (Amelanchier alni-
folia), common juniper (Juniperus communis), Oregon grape (Berberis repens), 
bearberry (Arctostaphylos uva-ursi), and various grasses and forbs (Thilenius 1972, 
Severson and Thilenius 1976).
 The Black Hills deer herd is a mix of white-tailed deer (70%) and mule deer 
(30%) (Huxoll 2004).  Elk (Cervus elaphus), Rocky mountain bighorn sheep 
(Ovis canadensis), mountain goat (Oreamnos americanus), and pronghorn (Anti-
locapra americana) occur sympatrically with deer within the Black Hills.

METHODS

 Spread sheet models were created in Excel (Microsoft Corp., One Microsoft 
Way, Redmond, WA) with initial parameters based upon harvest data from 1997 
to 2003 provided by the SDGFP and previous studies on deer conducted in the 
Black Hills (DePerno 1998, S. L. Griffin, South Dakota Game, Fish and Parks, 
Rapid City, South Dakota, unpublished data).  Three sets of models were created 
and analyzed using different carrying capacities and model equations.
 Initial population estimates for Set 1 and Set 3 were calculated using male 
(0.60) and female (0.83) survival rates (DePerno 1998) and unpublished data 
(S. L. Griffin, South Dakota Game, Fish and Parks, Rapid City, South Dakota, 
unpublished data).  Cause specific mortality (DePerno 1998, S. L. Griffin, 
South Dakota Game, Fish and Parks, Rapid City, South Dakota unpublished 
data)  (female mortality: natural mortality = 0.78, harvest mortality = 0.22; male 
mortality: natural mortality = 0.33, harvest mortality = 0.67) also was used to 
calculate an initial population size of 8,906 males and 34,280 females for a total 
population of 43,186.  Initial population estimates for Set 2 were calculated 
using harvest data provided by SDGFP and harvest mortality rates of females 
of 0.04 and males of  0.20 (S. L. Griffin, South Dakota Game, Fish and Parks, 
Rapid City, South Dakota, unpublished data).  Adult natural mortality for Set 
2 was fixed at 0.20 for males and 0.32 for females with fawn mortality fixed at 
0.60 for males and 0.48 for females (S. L. Griffin, South Dakota Game, Fish and 
Parks, Rapid City, South Dakota, unpublished data).  Initial population size for 
Set 2 was 11,880 males and 33,475 females for a total population of 45,355.
 Fawn sex ratios were fixed at 50:50 and immigration and emigration were 
fixed at zero for all three sets of models.  Carrying capacities (K) of 40,000, 
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50,000, and 60,000 deer were used for Sets 1 and 3, whereas carrying capaci-
ties of 35,000, 45,000, and 55,000 deer were used for Set 2 models.  Stochastic 
events where included in models every ten years to simulate severe weather con-
ditions.  Starting in year 2007 for Sets 1 and 3, mortality rates were doubled.  
Starting in year 2006, Set 2 adult mortality was doubled and fawn mortality rates 
increased to 0.90 for males and 0.80 for females.  Female harvest for Set 1 and 3 
was fixed at 14% of male harvest.  Female harvest was increased to 33% of male 
harvest in 2014 to simulate an increased female harvest strategy.
 Set 1 contained three different model types.  Model A calculations were 
structured around a maximum recruitment rate of 0.90 declining linearly 
to zero as the population reached carrying capacity.  Equations for each of 
the three carrying capacities were generated using linear density dependence  
(Y = 0.90 – 2.25*10-5 X [40,000 K], Y = 0.90 – 1.8*10-5 X [50,000K], and  
Y = 0.90 – 1.5*10-5 X [60,000 K] for the three carrying capacities).  Model B of 
Set 1 used a constant 1.5 fawns/adult female fecundity rate up to 75% of K and 
then declined linearly using the previous linear density dependent model.  Model 
C used a maximum 0.90 recruitment rate and incorporated nonlinear density 
dependence into the model equation.  The nonlinear portion of the equation was 
weighted 75% nonlinear and 25% linear (Y = 0.90 – 3.75*10-6 X – 1.875*10-

10 X2 [40,000 K], Y = 0.90 – 4.5*10-6 X – 2.7*10-10 X2 [50,000 K], Y = 0.90 
– 5.625*10-6 X – 4.21875*10-10 X2 [60,000 K] for the three carrying capacities).
 Set 2 contained two different models.  Model A used a maximum fecundity 
rate of 2 fawns/adult female up to 75% of carrying capacity, then declined linear-
ly using equations Y = 2 – 5.714*10-5 X (35,000 K), Y = 2 – 4.444*10-5 X (45,000 
K), Y = 2 – 3.636*10-5 X (55,000 K) for the 3 carrying capacities.  Model B for 
Set 2 used a maximum fecundity rate of 2 fawns/adult female and incorporated 
nonlinear and linear density dependence into the model.  The nonlinear portion 
of the model was weighted 75% and the linear portion 25% (Y = 1.429*10-4 X 
– 1.224*10-9 X2 [35,000 K], Y = 1.111*10-4 X – 7.407*10-10 X2 [45,000 K], Y = 
9.09*10-5 X – 4.959*10-10 X2 [55,000 K] for the three carrying capacities).
 Set 3 contained three different models that were calculated in the same 
manner as Set 1 models except that recruitment rate was fixed at 0.65 (J. 
Wrede, South Dakota Game, Fish and Parks, Rapid City, South Dakota, pers. 
comm.).  Equations for the linear density dependent model (A) were Y = 0.65 –  
1.625*10-5 X (40,000 K), Y = 0.65 – 1.3*10-5 X (50,000 K), Y = 0.65 –  
1.08*10-5 X (60,000 K) for the 3 carrying capacities.  Model B of Set 3 used a 
constant 1.5 fawns/adult female fecundity rate up to 75% of K and then declined 
linearly using the previous linear density dependent model.  Equations for the 
nonlinear and linear density dependent model (C) were Y = 0.65 – 4.0625*10-6 

X – 3.04688*10-10 X2 (40,000 K), Y = 0.65 – 3.25*10-6 X – 1.95*10-10 X2 (50,000 
K), Y = 0.65 – 2.7083*10-6 X – 1.35417*10-10 X2 (60,000 K) for the 3 carrying 
capacities.
 Population estimates generated from the model were correlated with total 
harvest using a Pearson correlation matrix.  We assumed that the highest positive 
correlation coefficient would represent the best model for each set (Jenks et al. 
2002).
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RESULTS

 From 1997 to 2003, 21,360 white-tailed deer were harvested in the Black 
Hills.  Total harvest ranged from 2,711 in 2002 to 3,715 in 1997 with harvest 
generally stable (Figure 1). Models using carrying capacities of 35,000 to 40,000 
deer had the highest correlation coefficients with harvest.  Set 1 Model A using 
linear density dependence with a carrying capacity of 40,000 deer had a correla-
tion coefficient of 0.810 (p= 0.027) (Table 1).  Set 2 Model B using the nonlin-
ear/linear model had a correlation coefficient of 0.826 (p=0.022) (Table 1).  Set 3 
had two models with correlation coefficients greater than 0.80 (Table 1).  Model 
A using only linear density dependence had a correlation coefficient of 0.801 
(p=0.030) and Model C using the nonlinear/linear equation had a correlation 
coefficient of 0.803 (p=0.030).  Models that used the constant fecundity rate up 
to 75% of carrying capacity then switching to a linear density dependent model 
(Model B for Set 1 and 3, and Model A for Set 2) resulted in large variations 
in estimated population size from one year to the next and had low or negative 
correlation coefficients (Tables 1).
 Population models were run from 1997 to 2025 to evaluate model perfor-
mance over an extended period (Figure 2).  Set 1 Model A using linear density 
dependence and Set 3 Model C using nonlinear and linear density dependence 
were similar and both stabilized at a population of approximately 33,000 deer.  
Set 2 Model B using nonlinear and linear density dependence approached a 
similar population size, but was reduced due to stochastic events (Figure 2).  
Set 3 Model A using only linear density dependence resulted in a decline in the 
population while stabilizing at about 21,000 deer (Figure 2).  

Figure 1.  Population model projections and total harvest from 1997 to 2003 for models 
with highest positive correlation coefficients from three sets of models for white-tailed 
deer in the Black Hills, South Dakota.
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DISCUSSION

 Wildlife managers are faced with an increasing complexity of issues that 
compete for wildlife management resources.  Managers are asked to objectively 
outline multiple management plans to deal with controversial issues, or generate 
arguments against activities that could endanger or compromise valuable wildlife 

Table 1.  Correlation coefficients (p-value) from three sets of models at different carry-
ing capacities for modeling white-tailed deer in the Black Hills, South Dakota.

Set Carrying capacity Model A Model B Model C

1 40,000 0.8101 (0.027) -0.483 (0.27) -0.777 (0.04)
50,000 -0.149 (0.75) -0.661 (0.106) -0.808 (0.28)
60,000 -0.808 (0.28) -0.427 (0.340) -0.800 (0.031)

2 35,000 0.122 (0.794) 0.826 (0.022)

45,000 0.339 (0.457) 0.678 (0.094)
55,000 -0.647 (0.116) -0.648 (0.115)

3 40,000 0.801 (0.03) -0.582 (0.171) 0.803 (0.030)

50,000 0.774 (0.041) -0.654 (0.111) -0.648 (0.116)
60,000 0.692 0.085 -0.538 (0.213) -0.807 (0.028)

1 Bold values indicate the highest positive correlation coefficients for each of the sets of models.

Figure 2.  Population model projections from 1997 to 2025 for models with highest posi-
tive correlation coefficients and one modified model for three sets of models for white-
tailed deer in the Black Hills, South Dakota.
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assets (Walters and Gross 1972).  Models have been developed to aid this process 
by simulating multiple management strategies in a short period of time using 
available data.  Walters and Gross (1972) developed models based upon interac-
tions of density, natality rates, and mortality rates.  Models were able to simulate 
effects of changing harvest strategies, identify which parameters most strongly 
control population behavior over time, and examine the consequences of differ-
ent management strategies to uncontrolled population catastrophes (Walters and 
Gross 1972).  Williams (1981) reported the successful use of simulation models 
to manage the elk herd at the Wichita Mountain Wildlife Refuge in Oklahoma.  
Reproduction, natural mortality, and harvest characteristics were used to analyze 
management alternatives to maintain a target population of elk on the refuge 
while meeting the demands of the public for increased elk harvest (Williams 
1981).
 We generated population models for white-tailed deer in the Black Hills of 
South Dakota using preexisting harvest data from SDGFP and previous studies 
conducted in the Black Hills (Huxoll 2004, DePerno 1998, S. L. Griffin, South 
Dakota Game, Fish Parks, Rapid City, South Dakota, unpublished data).  How-
ever, some of the assumptions that we used to define parameters in our models 
may have influenced our conclusions.  Initial population estimates that we used 
in our analysis of 43,186 deer for Sets 1 and 3, and 45,355 deer for Set 2, cor-
respond to estimates of deer populations in the Black Hills reported by Huxoll 
(2004) of between 40,000 and 45,000 deer.  Male survival rates used for Sets 1 
and 3 were based upon a sample size of 10 animals (DePerno 1998).  Further 
study of survival and mortality rates and additional harvest data could produce 
stronger estimates of parameters for use in models.
 Fawn data for the white-tailed deer herd in the Black Hills is limited.  Grif-
fin (S. L. Griffin, South Dakota Game, Fish Parks, Rapid City, South Dakota, 
unpublished data) estimated the October doe fawn ratio as 1 doe/0.96 fawns.  
Fecundity data for the time of parturition would benefit the model.  Accurate 
sex ratios of fawns born in the Black Hills would strengthen the model as well.  
We assume a 50:50 sex ratio of fawns in the models.  Benzon (1998), however, 
documented a male:female sex ratio in the Black Hills of 56:44 for the years 
1994 through 1997 with a range of 40:60 to 71:29.  These data could be used 
to adjust the fawn sex ratios in the model.
 Population models using a constant fecundity up to 75% of carrying ca-
pacity and then switching to a linear density dependent equation had low or 
negative correlation coefficients with harvest data (Tables 1).  This was due to 
the rigidity of these models.  One deer over or under the 75% carrying capacity 
value drastically changes the behavior of these models.  This drastic change led 
to sharp increases or decreases in the projected population between years.
 Stochastic events that would simulate a severe winter were included into the 
model every ten years.  Events, such as fire, also can influence the dynamics of 
deer populations.  Zimmerman (2004) documented changes in recruitment fol-
lowing the Jasper fire in the central Black Hills.  Deer recruitment in year one 
and two post-fire was lower, year three was equal, and in year four post-fire there 
was an increase in recruitment based on fetal counts in collected adult deer in the 
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southern Black Hills (Zimmerman 2004).  Effects of fire on recruitment could 
be added to the model as they arise to increase model effectiveness.
 Population models most positively correlated with known harvest data for 
white-tail deer in the Black Hills were those using carrying capacities of between 
35,000 to 40,000 deer (Tables 1).  These carrying capacity estimates seem to 
support the conclusions of SDGFP personnel (J. Wrede, South Dakota Game, 
Fish and Parks, Rapid City, South Dakota, pers. comm.).  Set 1 linear density de-
pendent model (A) and Set 3 nonlinear and linear density dependent model (C) 
resulted in similar patterns in the population and stabilized just below 33,000 
deer.  Set 2 nonlinear and linear density dependent model (B) approached this 
level, but was significantly reduced by programmed stochastic events.  When we 
ran this model without the stochastic events, this model approached a popula-
tion level of about 29,000 deer (Figure 2).  These population levels equate to 
deer densities between 3.4 and 3.9 deer/km2.  The 2002 County Wildlife Assess-
ments indicate a range in deer densities of 0.44 deer/km2 in Fall River County 
to 4.8 deer/km2 in Mead County (Huxoll 2003).  Deer densities reported in the 
county wildlife assessments indicate lower deer densities than our population 
models.  Those data contain observational effects and should not be interpreted 
as absolute abundance measures, but rather as relative measures that are used to 
detect trends in populations over time (Huxoll 2003).
 Our models can be used as tools for managing the white-tailed deer popula-
tion in the Black Hills.  The addition and updating of model parameters through 
ongoing research will only strengthen the model and add to its value as a tool for 
managers of the deer resource in this region.
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ABSTRACT

 This report documents the construction of a comprehensive database for 
essentially all grass specimens collected from western South Dakota and eastern 
Wyoming.  We have included data from 15 herbaria, with the largest contribu-
tions from the University of Wyoming, Black Hills State University, and South 
Dakota State University. The total number of specimens observed was 10,253 
representing 208 species.  
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INTRODUCTION

 The flora of the Black Hills (including the Bear Lodge Mountains of eastern 
Wyoming) is unique, with elements of the eastern deciduous forest, the Great 
Plains, the boreal forest, the Rocky Mountains, and the southwestern United 
States (Van Bruggen, 1996).  According to the Atlas of the Flora of the Great 
Plains (Great Plains Flora Association, 1977) there are at least 128 species in 
the Black Hills that are disjunct by 300 miles or more.  There are also appar-
ently a large number of hybrids that have yet to be studied (e.g. Schnabel and 
Hamrick, 1990; Fassett, 1945).  The Black Hills/Bear Lodge Mountain region 
is an obvious feature when observed on the ecoregion province map by Bailey 
et al. (1994).  The density of globally rare G1 to G3 species in the Black Hills 
is 2.5 times greater than anywhere else in the Great Plains (Ostlie et al., 1997).  
Samson et al. (1998) reported that the Black Hills and surrounding grasslands in 
South Dakota and Wyoming are a priority landscape of biological significance.  
Unfortunately, “basic floristic information is still lacking for...the grasslands of 
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Montana, Wyoming, Colorado and the Dakotas” (Great Plains Flora Associa-
tion, 1986).  The grasses of the Black Hills, Bear Lodge Mountains and the sur-
rounding region are relatively unknown as is evidenced by the distribution maps 
for numerous widespread species indicating their absence in our region (Flora of 
North America, 2003).
 Grasses (Poaceae = Gramineae) are the most important group of plants 
on the planet by nearly any measure including ecological and economic value.  
World-wide, there are an unknown number of species, but estimates from 7,500 
to 10,000 species are common.  Grasses inhabit nearly any environment and are 
especially important because of their predominant role as foods.  About 70% of 
the cultivated land is planted in crop grasses and over half of the calories con-
sumed by humans are from grasses (Judd et al., 1999). 
 A major obstacle to the study of the flora of eastern Wyoming and western 
South Dakota is the distribution of specimens, as they are distributed in a num-
ber of small herbaria, often in locations that are frequently neither well known 
nor accessible.  No other herbarium in the region has a web accessible database. 
Our goals in implementing this project include creation of a database of all grass 
specimens from western South Dakota and eastern Wyoming including the 
Black Hills & Bear Lodge Mountains, to include all available label information, 
and to make the data available in user friendly form to all interested persons via 
the World Wide Web. We anticipate that this database will serve as a baseline for 
future studies.

MATERIALS AND METHODS

 An herbarium is a collection of dried plants that are mounted, labeled, 
and systematically arranged for use in scientific study. The labels of modern 
herbarium specimens usually contain the following information: family, genus, 
specific epithet, subspecific designation (if applicable), authority, country, state, 
county, locality description, date of collection, elevation, township, range, and 
section (subsection if available), habitat description, collector, collector number, 
herbarium, and herbarium accession number. The herbaria listed in Table 1 were 
visited. Grass specimens from the study region were removed from cabinets, the 
identification was confirmed, updated or corrected, the data were entered into 
the database, the entries were verified, and the specimens were re-filed.  Current 
plant species names were used according to the USDA plant database (http://
plants.usda.gov/).  
 Quality control is a major concern when managing a database.  All data 
entries were verified, frequently by another member of the team to allow “fresh 
eyes” to check for errors.  The complete database was proof read for typographi-
cal errors.  One member of the data entry team checked the data to ensure that 
the habitat and locality data agreed. 
 Unfortunately, not all specimen labels have adequate information, especially 
for plants collected prior to the 1960s. We have made every reasonable attempt 
to georeference locality data using paper and electronic maps and geographic 
literature (e.g. GNIS at http://geonames.usgs.gov/ ) to correct and enhance the 
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locality data.  Longitude and latitude data for most of the specimens have been 
determined using the program TRS2LL (http://members.cox.net/azregion/trs/trs.
htm or www.geocities.com/jeremiahobrien/trs2ll.html).
 The database has been modeled after the system in use by the University of 
Wyoming (RM).  It includes a front-end for data entry using Microsoft (MS) 
Access and a backend consisting of three dBase IV files.  The advantages of the 
system are accuracy and ease of data entry, large data capacity (nearly 500,000 
specimens are in the current RM database), and automatic addition of new speci-
mens to the database as labels are prepared.  
 The MS Access front-end provides a form for easily entering the data.  The 
use of the form greatly reduces the number of typographical errors in the da-
tabase by enforcing the use of predefined taxon names and authorities. This is 
accomplished by referring to look-up tables of binomials and trinomials of taxa 
present in the region.  The three dBase files in the backend include the actual 
data file, a family file, and a scientific name file.  The latter are used as the look-
up tables. Furthermore, the use of dBase files allows us to use two dBase scripts. 
One of these sorts the data and the second converts Township, Range, Section 
(TRS) data into Latitude and Longitude (LL) data.  The use of dBase files also 
facilitates the printing of labels using P-Label software (http://www.flmnh.ufl.
edu/herbarium/pl/). 

RESULTS

 Numbers of specimens from the herbaria studied are included in Table 1. 

Table 1. Number of grass specimens from western South Dakota and eastern Wyoming 
in herbaria with significant holdings of grasses from the study area.

Herbarium Number of Specimens

Badlands National Park 74
Black Hills State University 2623
Dakota Wesleyan University 201
Devil’s Tower National Monument 163
Jewel Cave National Monument 72
Milwaukee Public Museum 275
Mount Rushmore National Memorial 17
South Dakota State University 1715
USDA Forest Service, Custer, SD 93
USDA Forest Service, Newcastle, WY 69
USDA Forest Service, Spearfish, SD 70
USDA Forest Service, Rapid City, SD 109
University of South Dakota 855
University of Wyoming 3759
Wind Cave National Park 158
Total 10,253
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We observed a total of 10,253 specimens of 208 species of grasses from the study 
area, the majority of which were located at the University of Wyoming, Black 
Hills State University, or South Dakota State University.  An online version of 
the database is available at http://www.bhsu.edu/artssciences/asfaculty/mgabel/.

DISCUSSION

 Previously Rydberg (1896) reported 72 grass species in the Black Hills, while 
McIntosh (1931) listed 142 species from the same area.  Over (1932) indicated 
that there were 174 grass species from the state of South Dakota.  Van Bruggen 
(1996) stated that there were 29 additional species, (for a total of 203 species) 
from the state. We report that from our study area of all counties west of the 
Missouri River in South Dakota and Crook and Weston Counties of Wyoming, 
there are 208 species of grasses.   
 This project has provided a readily available and user friendly database to al-
low a better understanding of which grasses are present (or absent) in the region, 
where they are distributed, the dates of first and last collection, frequency of col-
lection (implying conservation status) and type of habitat.  The database includes 
native and introduced species (including weeds) that can be used by researchers, 
land managers, weed control officers, and the general public.  
 Due to the ephemeral nature of electronic media, (Besser, 2000; Lawrence, 
2000)  copies of the database in print and electronic form have been placed into 
the BHSU Herbarium and special collections section of the Black Hills State 
University Library.  
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ABSTRACT
 
 In August, 2004, during on-going paleontological surveys of the Missouri 
River basin, a nearly complete specimen of a Bison cranium was recovered. Ana-
tomical features, comparative measurements, and the conditions of its dentition 
all indicate a mature female Bison bison bison. It is the third specimen recovered 
during the current surveys, and was in the flood basin of the river in Lyman 
County. A pair of innominate bones and several vertebrae were apparently as-
sociated with the cranium. No evidence of human association was found.
 The terrace sediment from which it was excavated was immediately adjacent 
to the west bank of the existing lake, and only a short stratigraphic interval above 
an outcrop of the Niobrara Formation (Cretaceous). The matrix, presumed to 
be mostly reworked from the Niobrara Formation, is a poorly-sorted mixture of 
angular and rounded chalk chips in clay matrix.
      Bone from the skull was submitted for radiocarbon testing, as was done with 
the previous two specimens. Results indicated the specimen, SDSM 73802, is 
850+/-40 radiocarbon years B.P., differing somewhat from the other two speci-
mens in being somewhat older.

Keywords

Bison, South Dakota, Missouri River, Quaternary, radiocarbon

INTRODUCTION

 Paleontological surveys of the Missouri River Basin have been conducted by 
the South Dakota School of Mines and Technology for more than a decade. In 
the present situation, the locality is on tracts of the United States Army Corps of 
Engineers, and conducted by permit of that federal agency. Although the empha-
sis is on fossils of Cretaceous age, there have been other incidental discoveries. Of 
particular interest have been the several Bison cranial specimens that have been 
found. We have subjected these specimens to more detailed study than has often 
been the case, hoping to obtain absolute dating of them, and to determine depo-
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sitional circumstances and sediment information. This specimen, SDSM 73802, 
is the third to be reported by our surveys. (See Grandstaff, B. S., et al., 2000, and 
Martin, J. E., 2003.), and was recovered during the first week of August, 2004.
 We have periodically received casual reports of bones eroding from Quater-
nary sediment near Oacoma, Lyman County. Specimens brought to our atten-
tion from the locality reported here have all been loose isolated specimens, and 
most were not identifiable to species. In this case, however, not only was the 
specimen still largely in situ, but there were other bones in apparent association. 
The discovery by one of us (J. M. B.) was incidental while prospecting for fos-
sils in the underlying bedrock of the Niobrara Formation (Cretaceous age). The 
locality is in the SE1/4 of the SW1/4 of the NW1/4 of the NE1/4 of Section 17, 
T.104N., R 71W., Oacoma, Lyman County, South Dakota. It is along the west 
bank of the Missouri River (Lake Francis Case) just north of the Chamberlain-
Oacoma causeway. The matrix appears to be a poorly sorted accumulation of 
both angular and rounded clastic particles, largely eroded and redeposited from 
the underlying Niobrara Formation. A substantial sample of matrix has been 
retained for potential future analysis.
 The bones were exposed at the surface and eroding from it. They were readily 
recovered without elaborate collecting methods, but with substantial matrix ad-
hering to them. Positions were recorded by photograph. The skull was identified 
as the genus Bison in the field, but subsequent examination was needed before 
making any decisions as to how to proceed with subsequent study. It was decided 
to take it to the New Jersey State Museum for preparation and analysis. It was 
carefully prepared by volunteer Jared Williams at the Museum, and bone samples 
were submitted to Geochron Laboratories for radiocarbon date determination, as 
has been done with previous finds of Bison. 

DESCRIPTION AND DETERMINATIONS

 By comparison with the criteria and illustrations of Skinner and Kaisen 
(1947) and McDonald (1981), SDSM 73802 is judged to be a female Bison bison 
bison. Notable features include the relatively small overall size (Table 1) and grac-
ile proportions, notably the modest size of the horns. Accordingly, comparison to 
the criteria of generic diagnosis is desirable (McDonald, 1981), in order to justify 
its distinction from the genus Bos. Specifically, the horns extend outward from 
the frontals forward of the occipital plane. The parietals are in the same plane 
as the frontals and make an obtuse angle with the occipital plane. The orbits are 
tubular and project antero-laterally. These distinctions certainly justify referral to 
the genus Bison. 
 The horn cores are elliptical in cross-section, including the tip portions, with 
a straight posterior margin, lacking a basal burr, and the length along the upper 
curve is less than 200mm (specifically130 mm), justifying the identification as 
a female. The cranium is practically complete, lacking only the nasals and right 
premaxilla, with only a few broken projecting bones. All twelve teeth of an adult 
individual are present. Comparison to the illustrations of Skinner and Kaisen 
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(1947) indicates a stage four dentition, a mature (but not old age) female. In-
deed, the entire specimen compares well to stage four of their Plate 11. 
 In close proximity to the specimen were a pair of innominates and the in-
tervening sacral vertebrae in two portions. These are identified as Bison also, and 
there is no reason to doubt the apparent association with the cranium. 
 No certain cultural evidence was found in or near the specimen. However, 
during preparation, Jared Williams noted the presence of a marked surface on 
the ventral side of the right occipital condyle. This portion had been covered by 
matrix prior to preparation, and thus antedated the discovery and collection of 
the cranium. 
 The specimen was determined to be 850+/-40 radiocarbon years BP (based 
on Sample # GX-31627-AMS). This is somewhat older (by approximately a 
century) than the two crania previously determined. 

DISCUSSION AND CONCLUSIONS

 Standards for recording specimens of Bison were proposed by Grandstaff et 
al. (2000), and we are reporting this one accordingly. Females of the subspecies 
Bison bison bison are presumed to be the smallest individuals of the genus, and 
could conceivably be misidentified as domestic cattle. That is certainly the case 
with this specimen, as demonstrated by the list of measurements and compari-
son with other published specimens. Most of the measurements are comfortably 

Table 1: Measurements of Bison bison specimen (female), SDSM 73802, described 
herein, according to standards established by McDonald (1981) and followed by Grand-
staff et al. (2000).

Tip-tip Core Width 430mm
L.core on upper curve 130
L. core on dorsal cord 120

D.-v. diameter horn base 60 
Min. circ. horn base 160

W. at ext. aud. meatus 210
W. occipital condyles 110

D. nuchal line-for. mag. 100
a-pt. diam horn base 50
Min. width frontals 210
Max. width frontals 260

M1-M3 length (labial side) 90
Max. width M3 (mesial cusp) 22

Total length of skull 470
Length of frontals 210
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Figure 1. Specimen in dorsal view. Micrometer span set at 100mm.

Figure 2. Palatial view of dentition. Micrometer span set at 100mm.
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within the ranges for females of that subspecies, and those which are outside the 
ranges are only slightly so (McDonald, 1981). 
 The age of this specimen differs only slightly from the two previously deter-
mined, and probably can be considered comparable in relation to the flooding 
and depositional history of the Missouri River basin.
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SOUTH DAKOTA’S FOSSIL FISHES

 Fossil evidence from many locations in South Dakota and nearby areas 
documents the presence of many kinds of marine and freshwater fishes of the 
past.  South Dakota’s fossil fish date back to the Paleozoic Era, approximately 
500 million years ago. The fossil evidence of prehistoric fishes may include entire 
skeletons, or various bones, teeth, ossified structures, scales, and otoliths.  How-
ever, trace fossils of fish may also be recognizable in the fossil record, including 
resting traces and nesting traces. 
The literature lists hundreds of species and morphospecies of ancient fish or fish-
types which have been identified from fossil remains discovered in South Dakota 
and the surrounding region. Many of the fossil fish are archived and/or displayed 
either at the Museum of Geology and Paleontology at the South Dakota School 
of Mines and Technology in Rapid City, or the Black Hills Institute of Geologi-
cal Research in Hill City.  More specimens have been found in western than east-
ern South Dakota, but this is to be expected because layers of sediment are better 
exposed west of the Missouri River, particularly in and around the Black Hills 
and Badlands regions.  Furthermore, glacial deposits left by continental ice sheets 
of the last one million years cover much of eastern South Dakota’s bedrock.
 A summary of South Dakota’s record of fossil fish, based on published litera-
ture and museum records is presented here.  It is only a basic introduction that 
demonstrates the exceptional spectrum of resources resulting from 500,000,000 
years of geologic time. No doubt this will be greatly increased and enhanced 
during future years as more evidence is found, identified, and archived for future 
generations.
 What should you do if you find or are given a fossil fish from a South 
Dakota locality?  First, be aware that fossils of fish or their parts from South 
Dakota are fairly rare and they contain insight into an as yet poorly understood 
geologic past. Each fossil is a piece of an information puzzle, and potentially a 
very important one. If possible, identify where the fossil was found, how it was 



142 Proceedings of the South Dakota Academy of Science, Vol. 84 (2005)

found, and any environmental or cultural features associated with it. Retain all 
information with the specimen, using a label. We highly recommend that you 
contact a specialist at a university or a museum to share the information about 
your fossil, and to determine if you should retain the fossil or not.
 Fossil specimens of vertebrates are protected by laws and regulations wher-
ever they are found on state, federal and/or Native American tribal trust lands; 
special permits are required to collect on these lands.  Fossils from privately 
owned lands belong to the landowner, and you should get written permission to 
search for or collect fossils on their lands.    
 South Dakota has an amazing record of fossil fish that has brought interna-
tional fame to our state. The oldest fish found here are essentially as old as any 
known in the world. They are thus among the oldest vertebrates (backboned 
animals) in the world as well. Many of the fossil fishes of South Dakota are from 
marine environments, in contrast with our basic impression of the Great Plains 
being remote from bodies of saltwater.
     The oldest fish fossil known from the Black Hills region is called Anatolepis 
cf. heintzi and comes from the Bear Lodge Mountains, of Wyoming (Repetski, 
1978). It is actually the oldest known fish in the world and comes from a rock 
formation named for Deadwood, South Dakota. Other ancient fish are preserved 
as fragments reported from the Whitewood Formation in the Black Hills, and are 
about 400,000,000 years old. Barely identifiable as fish, they are pieces of bony 
armor, which have been attributed to primitive, jawless fishes called agnathans.  
Elsewhere in the world, where more complete specimens have been found, their 
body shapes are seen to be vaguely fishlike, but appear unlike anything now alive.  
Strange to say, these bizarre creatures do have a few living relatives, one of which 
is still alive in South Dakota waters. The lamprey, which also lacks a true jaw, 
belongs to this most ancient and primitive class of vertebrates.
 Another very ancient group of fishes, of which there are many living rela-
tives, is the sharks. Modern sharks are essentially marine fishes (as are the vast 
majority of their extinct relatives) and thus absent from modern day South 
Dakota. However, the fossil record of sharks (and the related rays and skates) in 
South Dakota is very extensive, extending from hundreds of millions of years 
ago until perhaps about fifty million years ago, when marine waters receded 
from the mid-continent for the last time. Sharks belong to a class of vertebrates 
called the Chondrichthyes, meaning that they have skeletons primarily of nearly 
unpreservable cartilage, so the vast majority of shark fossils are represented by 
teeth alone.
 A group of early shark forms, the bradyodonts, have been found as fossils 
in the Englewood Formation of the Black Hills, about 300 million years old, in 
rocks of the Paleozoic Era (age of ancient life).  There are other occurrences of 
sharks later in that era, which extends until about 250 million years ago includ-
ing some early shark forms known as hybodonts and edestids, later in that time 
interval (Cicimurri and Fahrenbach, 2002).
 Bony fish (Class Osteichthyes) are also found in the older rocks of the 
Black Hills, most notably in the Minnekahta  Limestone of Permian Age, the 
last period of the Paleozoic Era. Preservation of these fish is so remarkable that 
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whole skeletons of a fish called  Platysomus have been found, and they are easily 
recognizable as fish (Hussakof, 1916).
 The record of fish fossils from South Dakota is even more extensive in the 
next era, the Mesozoic Era (age of middle life), which is divided into three time 
periods, the Triassic, Jurassic, and Cretaceous. Inland seas covered what is now 
South Dakota for much of that time, and fish fossils occur in many of the result-
ing sediments. Fossils are rare in the Triassic red beds in South Dakota. However, 
fish fossils have been described from Jurassic rocks of the Black Hills (Eastman, 
1899).  The Cretaceous Period, the name indicating that it was a time of deposi-
tion of widespread chalk sediments, has a particularly outstanding record of fossil 
fishes.  During the Cretaceous Period the Western Interior Seaway (an epeiric 
sea), 4,800 km long and averaging 1,600 km wide, provided a marine waterway 
connecting the Arctic Ocean to the Gulf of Mexico (Figure 1).  What is now 
South Dakota would have been located near the center of this seaway.  Deposits 
in the seaway formed three primary types of sedimentary rocks; chalk, mudstone, 
and sandstone.  The chalk contains the remains of many kinds of microorgan-
isms and the shales are formed from silt and clay sediments.  It is within these 
types of rock layers that we find abundant evidence of ancient fish. 
 Two fish specimens have been found, preserved in three dimensions, in the 
Early Cretaceous Lakota Sandstone, a specimen with durable enameled (ganoid) 
scales from Rapid City and another named Lepidotus lacotenus from the hogback 
at Sturgis).  Another of the Lower Cretaceous formations, the Mowry Shale, 
consists of a claystone that weathers to small fragments, and preserves abundant 
scales of fish (Gries, 1996) on the chips of rock.
 Among the most interesting Cretaceous rock units preserving fossil fish 
is the Carlile Formation of the Black Hills. The Carlile Formation includes a 
sandstone unit, the Turner Sandy Member, which contains such vast numbers of 
fossil shark teeth that they would be seen by even the most casual observer. These 
teeth, the most abundant fossils in the sandstone, comprise 17 different kinds of 
shark (Capetta, 1973; Evetts, 1979).   
 A particularly distinctive shark from the Carlile Shale is called Ptychodus 
mortoni, a shark with flattened, closely arranged, button-like teeth on the floor 
and roof of its mouth for breaking and crushing clam shells. Each tooth is peg-
like and covered with a fingerprint-like series of ridges and grooves.  The Carlile 
has also produced numerous skulls of fish associated with a fossil lobster zone 
(Bishop and Williams, 1986) and one three-dimensional fish, Syllaemus hanifii, 
preserved in a concretion. Concretions are rock-like masses that sometimes form 
on the sea bottom around decomposing animals, often preserving them in ex-
quisite detail.
 During September 2003, a South Dakota School of Mines and Technology 
and United States Bureau of Reclamation crew, joined by local citizens, exca-
vated a large fish from the Carlile Shale at Belle Fourche Reservoir as a salvage 
collection. The fish, represented by its head and part of its vertebral column, was 
scattered across several meters of the ancient sea bottom in near articulation, 
but with the skull and parts of the vertebral column somewhat disarticulated.  
The fish was collected by traditional paleontological techniques: delineation of 
the skeleton, isolation into a block of rock containing the bones by trenching, 
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separation into smaller blocks that can be moved, protection of exposed bone by 
toilet tissue, encasement of each block within plaster impregnated bandages, flip-
ping and closure with additional bandages, and documentation of the bones and 
casts in the field. The specimen was then taken into the preparation laboratory 
at the Journey Museum for careful removal of the rock from the bone, consoli-
dation of the fragile bones with glue, and TLC by a museum volunteer.  Once 
prepared it will be described, documented, and possibly published or included 
in an exhibit.
 In the collections of the Black Hills Institute of Geological Research is a pad-
dlefish fossil imprint from the Lance Formation of eastern Wyoming. The Lance 
Formation is of latest Cretaceous age and is a deposit laid down by freshwater, 
not marine sedimentation. Other paddlefish fossils are known from China; the 
only two places in the world where populations of paddlefish exist today.
 The Niobrara Formation is a classic Cretaceous marl or chalk, built of the 
skeletal materials of phytoplankton called coccoliths. Throughout the Great 
Plains the Niobrara Formation is noted for its exquisite preservation of marine 
fossils, many of which have been found in South Dakota (Martin et al., 1998). 
The formation is widespread here, especially in the southeast and southwest parts 
of the state, although it is often poorly exposed.
 One of the most famous of the fossil fish of the Niobrara Formation is the 
huge Bulldog Fish, Xiphactinus audax. A spectacular specimen is exhibited at the 
Museum of Geology at the South Dakota School of Mines and Technology, but a 
number of other specimens have been found. Its remarkable jaws are armed with 
huge teeth, implanted in sockets. (Most fishes have teeth fused along the bones 
of the jaws.) A smaller (but still impressive) relative is called Ichthyodectes, and it 
too is known from a fair number of specimens. 
 Another fossil fish with a bizarre anatomy is called Enchodus, known from 
several species and hundreds of South Dakota specimens. Specimens range from 
tiny delicate panfish sizes to forms that are more than a yard long. All have well 
developed stabbing teeth, the largest being a pair developed on bones of the pal-
ate! Paleontologists jokingly refer to Enchodus as the “saber-toothed herring”.
 Many of the fossil fishes of the Niobrara Formation are also found in the 
overlying marine rocks called the Pierre Shale. It is casually (but appropriately) 
called the South Dakota State Rock, not merely because it took its name from 
Pierre/Fort Pierre, but because it truly characterizes the state. It is widespread 
in both East River and West River areas, giving the gray to black color in rock 
exposures familiar to all travelers across South Dakota. The name is used for the 
formation throughout many parts of the Great Plains and eastern Rocky Moun-
tains.  Wherever it is found, montmorillonite clay comprising it is subject to 
change to “gumbo” when wet, creating difficulties and consternation for anyone 
who ventures off pavement in any weather wetter than dew. Like the Niobrara 
Formation, however, the Pierre Shale is of marine origin, and contains a wonder-
ful treasure of fossil fishes.
 The lower portions of the Pierre Shale have been a source of fossil fishes (and 
famous fossil reptiles) for many years and have yielded specimens of Xiphactinus, 
Ichthyodectes, Enchodus, and many others. The upper levels of the formation were 
not so well prospected and as of 1989, no fish had been reported from the upper 
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levels at all, except for occasional mention of vertebrae or isolated teeth (Bishop, 
1981). Expeditions along the Missouri River, led by the South Dakota School 
of Mines and Technology, have since done much to fill that void. Several of the 
discoveries have been important for interpretation of fish paleobiology and age 
determination of rocks (biostratigraphy) nationwide.
 An unusual occurrence of fossil fish preserved as part of residue in the gastric 
tract of a large fossil marine lizard (mosasaur), Tylosaurus proriger, is exhibited in 
its plaster jacket at the Museum of Geology in Rapid City. The jacket contains 
the vertebrae, pelvic and limb bones of the mosasaur (Tylosaurus) as well as the 
preserved remains of the animals (a fish, a bird and a smaller mosasaur) that it 
ate shortly before it died.  Other fossil fish exhibited at the Museum of Geology 
include a fish preserved in a concretion in three dimensions (probably Apsopelix 
anglicus) collected by Lauren Hill from the Pierre Shale at Oacoma and donated 
by Samual Bice.
 One very important discovery occurred in 1995, when members of a South 
Dakota School of Mines and Technology field party found a fish spine in the 
Pierre Shale on the Crow Creek Reservation in Hyde County. This fossil was well 
known from formations on the Eastern Seaboard, Europe, and Africa, and was 
called Cylindracanthus, meaning a cylindrical spine. It seemed obviously from a 
fish, but no other skeletal parts were known, and no one was certain even where 
it belonged on the fish. The South Dakota specimen, however, was better than 
any other, and it had well-preserved tiny teeth! After many comparisons of these 
teeth to those of other fish, researchers concluded that Cylindracanthus was re-
lated to sturgeons and paddlefishes (Parris et al., 2001). Young paddlefish have 
similar teeth, and their skeletons are largely cartilage, unlikely to be preserved. 
What a nice connection to the fish of present-day South Dakota!
 Fossil fish comprise the second most abundant fossil group in the Hell Creek 
Formation, the last of the Cretaceous sediments to be deposited, and represent-
ing primarily freshwater environments. A listing of all species from the Hell 
Creek Formation in the Dakotas includes nine kinds of fish, among them sharks, 
sawfish, rays, sturgeons, bowfins, gars, and others of less certain relationships 
(Pearson et al., 2002).
 The Cenozoic Era (age of new life) began about 65 million years ago and 
continues to the present. Early in this era the seas receded from the interior of 
the continent, and the geologic record in South Dakota has since consisted of 
non-marine rocks. Fish fossils are not so likely to be found in such rocks, and 
the famed fossil beds of the Big Badlands are not good fossil fish territory. Al-
though a few remains of freshwater fishes have been recovered from these rocks, 
designated as being of Tertiary Age, they have not added much to our knowledge 
of the fishes of that time. Notable exceptions are the records of early catfishes, 
discovered in Tertiary age sediments (Lundberg, 1975). They are notable early 
records of a fish family that has remained of prime importance in South Dakota 
ever since.
 The Ice Age (Pleistocene Epoch) occurred during the last one million years. 
It is represented by many fossil localities in South Dakota (Pinsof, 1985), one 
of which is the Ree Heights fish fossil site in Hand County.  Based on intensive 
studies, Ossian (1973) described the twelve species representing five groups of 
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fossil fishes including minnows (Cyprinidae), catfishes (Ictaluridae), killifishes 
(Cyprinodontidae), sunfishes (Centrarchidae), and perches (Percidae) They are 
from the last stage of the Ice Age, the Wisconsinan.  Most of these fossils belong 
to fish species still alive today. They provide a suitable introduction to the ar-
chaeological record of fish and fishing which was soon to follow in what is now 
South Dakota. They are among the fish families most used by the first human 
inhabitants here and most appreciated by South Dakota fishermen today.

PREHISTORIC INDIAN FISHERIES

 Archaeological evidence suggests that native peoples were catching fish as 
part of their food-gathering efforts in South Dakota as early as the later stages of 
the Paleoindian Period, from about 12,000 B. P. to 7,000 B. P.  But most of the 
evidence relates to time periods much closer to the present.
 Bone evidence from cache pits at the Heath excavation site along the Big 
Sioux River in Lincoln County, South Dakota, shows native peoples were utiliz-
ing fish, turtles and frogs during prehistoric times from A.D. 500 to A.D. 1,500.  
Seasonal growth rings on fish scales from the Broken Kettle West excavations site 
in Iowa near the South Dakota border indicates fall occupation along the Big 
Sioux River.  About A.D. 1,000 was the prime time of Initial Middle Missouri 
cultural development, of which nearly thirty excavation sites are known in South 
Dakota; most are along the Big Sioux, James and Missouri Rivers.  The kinds of 
fish and estimates of their weight-size can be somewhat determined from bone, 
pectoral spine, scale, and scute evidence collected at Indian occupation sites.  
Based on the findings of several different researchers, we know that Indian tribes 
living along the rivers and creeks in South Dakota utilized a minimum of 16 
different species of fish.  Evidence shows that catfish were among the most com-
monly used species, especially channel catfish, and the next most commonly evi-
dent species were suckers, most likely white suckers and buffalo fish (which are 
members of the sucker fish family).  Based on size and weights of specific bones 
and pectoral spines, evidence shows that live weights of most of the channel cat-
fish ranged from 11/2 to 6 pounds; however, remains of one flathead catfish shows 
it would have tipped the scales at about 30 pounds.  At the other end of the size 
range are minnows and bone evidence indicates that they were commonly used 
as food.
 Undoubtedly, fish provided variety to the overall diets of American Indians 
as well as an important source of protein.  Perforated vertebrae found at some 
excavation sites indicate that some fish bones may have been used as ornaments.  
Modified dorsal spines indicate they may have been used as awls or fasteners.  
How fish were used poses fewer questions than how they were caught.
 The most common artifacts of pre-European fishing by Native American 
Indian peoples are fishhooks. Occasionally, fishhooks were made from bone by 
cutting a flat piece of bone into a small rectangle, cutting out the center area, 
then splitting the remainder down the middle of the long side resulting in two 
hooks.  Small grooves were usually made in the longer end of hooks to enhance 
attachment of a cord.  The short ends of the barbless hooks were sharpened to 
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a point.  Bone fishhooks found in archaeological excavation sites or by artifact 
scavengers in South Dakota are usually less than 11/2 inches long by _ inch wide.  
Such hooks would only accommodate small portions of bait (if any were used) 
and they were probably used to catch small to medium sized fish, which as a 
general rule of nature are usually more abundant and easier to catch.
 Larger catfish or scale fish such as northern pike, walleye or buffalo fish may 
have been harvested with gorge hooks, by spearing with pointed sticks, by bow 
and arrow methods, or by hand.  Even today, large flathead catfish, up to 50 or 
more pounds, are caught by hand with a technique known as “noodling”.  To 
noodle for flathead catfish, one simply wades in shallow waters and hand searches 
for fish resting in bank holes or pockets.  Fish noodling is a very popular sport 
in some of the lower Midwestern states today.
 Smaller fish and minnows were probably taken with some kind of basketry, 
either in the form of a pocket drag or a catchment-holding pen.  It is also con-
ceivable that woven baskets or framed animal hides could be used to form dip-
pers or even crude types of fish nets. Cordage imprints on pottery sherds show 
that native peoples were knowledgeable of how to make cord (twine) and how to 
attach it, perhaps they also knew how to make simple gill or other webbed nets in 
combination with pliable woody stems such as with willow.  Published journals 
of the Lewis and Clark expedition in 1804 include accounts of taking 318 fish 
one day and nearly 800 another day in a creek with a kind of drag consisting of 
willows and bark.  Their descriptions of the kinds of fish captured with their drag 
included pike, bass, fish resembling salmon trout, redhorse, buffalo-fish, rock 
fish, one flat-back perch, catfish and a small species of perch called silver-fish, on 
the Ohio River.  Perhaps they were mimicking gear used by Indians along the 
river.  Regardless, the crude gear used by Lewis and Clark’s men is indirect evi-
dence that native peoples were likely capable of taking lots of fish in the smaller 
streams and creeks, and probably in the larger rivers also.
 Another means of obtaining fish is the salvage of dead or dying fish that 
have been trapped in small pools or river oxbows during droughts.  Fish are also 
susceptible to winter-kill (oxygen depletion), injury, old-age, and disease.  Often 
dead fish end up on beaches or riverbanks due to wind and wave action which 
would make them easily accessible for the taking.
 The prehistory of fish and fishing in South Dakota demonstrates a vener-
able record, but thorough documentation is difficult. The zooarchaeologist who 
specializes in fish faces a daunting task, dealing with skeletons that are gener-
ally poorly articulated, frequently minute and fragile, and often lack distinctive 
identifiable bones. That is not to say that the tasks are impossible, but often the 
effort is very laborious and detailed study may not seem justified. Furthermore, 
in South Dakota, the record of animal bone in archaeological sites tends to be 
heavily dominated by large mammals, and realistically archaeologists must con-
centrate on the most important resources that were used by the cultures that they 
investigate.
 Unfortunately, the remains of fish are likely to be few in number and very 
poorly preserved. The fish are actually under-represented in almost all cases, as 
amply demonstrated by the substantial numbers of fishing hooks, gorge hooks, 
netsinkers, and other cultural items, compared to actual fish remains. Small fish 
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can be eaten whole and leave scant archaeological records. Other species are diffi-
cult to enumerate, such as sturgeons, of which the few preservable bones (scutes) 
all look exactly alike along the entire length of the body.
 The motivations of indigenous peoples for their subsistence presumably 
were much different from those of the sport fisherman, and nets full of minnows 
(mere bait fish to a sport fisherman) could have been just as important to their 
food supply as would any large fish, which might, in fact, require considerably 
greater effort to catch. In the important survey work of Bailey and Allum (1962), 
thirty-five of the seventy-six native species are cyprinids, many of them small 
minnows, potentially important resources to a hunter/gatherer society, but likely 
to be poorly represented in the archaeological record. 
 With all of the above-mentioned considerations, a good way to view the 
archaeological record of fish in South Dakota is by discussion of family-level 
groupings, since many published records were not identified to species. Probable 
biases in the record are readily apparent, so although all of these fish families are 
known in South Dakota today, not all are represented in archaeological sites.
 Lampreys (Petromyzontidae). These fish have no preservable bones, and are 
not known from any archaeological sites in South Dakota.
 Sturgeons (Acipenseridae). Although they grow to substantial sizes, much of 
the skeleton of sturgeons is cartilage. The bony armor (scutes) that cover the head 
and form several rows on the body surface are readily preserved and the family 
has a substantial archaeological record in much of the Northern Hemisphere, but 
less in the mid-continent. 
 Paddlefishes (Polyodontidae). Despite large size, paddlefishes also are largely 
lacking in durable parts, and essentially nothing is known of their use in prehis-
toric times.
 Gars (Lepisosteidae). With a substantial skeleton and a body armor of mat-
ted enamel (ganoid) scales, the garpikes are readily preserved and easily identi-
fied in the archaeological record. Published records from South Dakota include 
the Buffalo Pasture and Leavitt Sites, both Arikara culture (Lehmer and Jones, 
1968). The Brewster and Broken Kettle Sites in nearby Iowa also have gars (Alex, 
1973).
 Bowfins (Amiidae). The one living species, Amia calva, is of uncertain status 
in South Dakota according to Bailey and Allum (1962), although known to live 
in adjacent states. It was reported by Lees (1991) from a historical archaeology 
site at Fort Randall 39-GR-15), however, and this may be one situation where 
the archaeological record supplements current biological surveys. Much of its 
skeleton is highly distinctive and readily identifiable. However, it is not usually 
sought by fishermen, and would likely be reported nowadays only because of its 
unusual appearance.
 Herrings (Clupeidae). Although several species occur in South Dakota, we 
have been unable to find any archaeological record. 
 Mudminnows (Umbridae). One species is known in South Dakota, but it is 
rare. There are no archaeological records known to us.
 Pikes (Esocidae). The Northern Pike  (Esox lucius) is native to eastern South 
Dakota. Having durable and distinctive skeletal elements, especially in the skull, 
it should be found in archaeological sites rather readily. It has been reported from 
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the Mitchell Site (39-DV-2) in Davison County, as well as the Brewster and 
Broken Kettle Sites in nearby Iowa Counties (Alex, 1973).
 Mooneyes (Hiodontidae). Although the Goldeye (Hiodon alosoides) is a 
common South Dakota fish, no archaeological records are known to us. The 
genus was reported from the Broken Kettle Site in Iowa by Alex (1973).
 Minnows (Cyprinidae). This is the most complex family for archaeological 
potential, with about thirty-five species occurring naturally in South Dakota, far 
more than any other family. However, most are small and their skeletal remains 
could be easily missed by even the most sophisticated means of archaeological 
recovery. For practical purposes, the only distinctive bones are the pharyngeals 
of the throat/gill region, which bear diagnostic teeth. These have been reported 
from some sites, for example, the Beaver Creek Rockshelter in Custer County 
(39-CU-779.) Martin et al. (1993), reporting on the faunal specimens from that 
locality, identified the Creek Chub (Semotilus atromaculatus).  Beaver Creek was 
known to have populations of Longnose Dace (Rhinichthys cataractae) and field 
collecting by Louise Miller in 1988 yielded shiners (Notropis sp.) in the creek 
near the excavations.  Minnows were also found at the oldest archaeological 
site thus far investigated in South Dakota, the Lange-Ferguson Site in Shannon 
County (39-SH-33). It is a Clovis (Paleo-Indian) site of mammoth butchering, 
but other faunal remains included cyprinid pharyngeal bones, though none 
identifiable to species (Martin,1987 ).  Alex (1973) reported cyprinid specimens 
from the Brewster and Broken Kettle Sites in Cherokee and Plymouth Counties, 
respectively, in Iowa. Cyprinids are so common that one might expect to find 
evidence of them almost anywhere near water, and the remains might be consid-
ered more environmental than cultural. However, they would be a useful food 
resource, easily obtained in quantity, and are typically consumed by aboriginal 
people. Incidentally, the Common Carp (Cyprinus carpio) is a member of the 
minnow family, but does attain a considerable size. It is not native to North 
America and should not be expected in prehistoric sites.
 Suckers (Catostomidae). This family of common fishes has once of the best 
archaeological records in South Dakota. Most records probably are of Catostomus 
commersoni, the White Sucker, which is found throughout the state. Catostomids 
have comb-like toothed pharyngeal bones, which are readily preserved and easily 
identified. Many species were considered by indigenous peoples to be good food 
fishes. Records of the White Sucker include Beaver Creek Rockshelter (39-CU-
779), reported by Martin et al., 1993)). Catostomids were found at the Smiley 
Evans Site (39-BU-2) and Deerfield Site (39-PN-214), reviewed by Sundstrom 
(1995-1996). A well-documented record for the East River is the Bloom Site 
in Hanson County (39-HS-1), reported by Haug et al. (1994).  Alex (1973) 
reported catostomids from the Mitchell Site: White Sucker (Catostomus commer-
soni), Redhorse (Moxostoma carinatum), and Buffalo Fish (Ictiobus), and from the 
Twelve Mile Creek Site in Hutchinson County (Ictiobus). She recorded numer-
ous catostomids from her two Iowa sites as well, Brewster and Broken Kettle.
 Catfishes (Ictaluridae). The freshwater catfishes have substantial archaeologi-
cal records wherever they occur, and South Dakota is no exception. This is unsur-
prising, because many of the skeletal elements are highly diagnostic of the family, 
and some species reach huge size, and thus have very durable bones. Even the 
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tiny madtoms have identifiable pectoral spines. Catfishes are almost universally 
regarded as excellent food fishes, and they are abundant and readily caught by a 
variety of methods.
 It would appear that the archaeological records of catfishes in South Dakota 
could be reviewed and upgraded. There are seven native species, and all are now 
known to be readily identifiable from the pectoral spines alone. Many published 
records do not identify them to species, but a review study would likely refine 
the identifications.
 The fabled association of catfish with the Missouri River is supported by 
the archaeological record of that drainage. Excavations associated with the River 
Basin Surveys produced many records of catfishes from village sites, as noted by 
Lehmer  (1971), and some produced large numbers of specimens, such as the 
Buffalo Pasture Site and Leavitt Site (Lehmer and Jones, 1968). The multi-com-
ponent Crow Creek Site (39-BF-11) yielded catfish remains from 23% of the 
features of the Crow Creek occupation and from 6% of the Wolf Creek occupa-
tion features (Kivett and Jensen, 1976).
 Ictalurids, notably the Channel Catfish (Ictalurus punctatus) were the prin-
cipal fauna recorded by Alex (1973) at the Twelve Mile Creek Site ((39-HT-1), 
and also at the Mitchell Site, where the Black Bullhead (Ictalurus melas) was also 
found. Various catfishes also were prominent in the collections from Brewster 
and Broken Kettle, her two Iowa sites. The afore-mentioned Bloom Site (39-
HS-1) included catfish remains (Haug et al., 1994). Large catfishes would seem 
to be particularly susceptible to angling by gorge hooks, probably a widespread 
aboriginal technique, so the presence of such artifacts in a site would suggest use 
of catfish.
 Eels (Anguillidae). Although eels are excellent food fish and readily caught 
by anglers, there are no records of them in archaeological contexts from South 
Dakota. Reportedly, they did not ascend commonly into the upper drainages of 
the Missouri and Minnesota Rivers even in the past. They are readily identifiable 
from some bones, but small specimens would be difficult to collect and identify. 
There is only one species native to the area (Anguilla rostrata).
 Killifishes (Cyprinodontidae). We have found no archaeological records of 
any of the three native species.
 Codfishes (Gadidae). The one native species, the Burbot, (Lota lota) has no 
reported archaeological occurrences known to us.
 Sticklebacks (Gasterosteidae). The one native species, Culaea inconstans, has 
no archaeological record in South Dakota. Despite its distinctive and readily 
recognized spines, it is small and uncommon, and would not be expected as a 
favored food fish.
 Trout-Perches (Percopsidae). We have found no archaeological record of the 
one South Dakota species, Percopsis omiscomaycus, which is native only to East 
River drainages.
 Basses (Serranidae). The White Bass (Roccus chrysops) is the only native 
member of the family and was only found in the East River drainages. It has no 
archaeological record from South Dakota known to us. There was some evidence 
of the species at the Broken Kettle Site in Iowa (Alex, 1973).
 Sunfishes (Centrarchidae). This family includes the well known Smallmouth  
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and Largemouth Basses (which are of doubtful status in South Dakota prior to 
modern introductions), as well as a number of small panfishes, such as bluegills 
and crappies. Although greatly favored by anglers, and considered good food 
fishes, the archaeological record is very sparse. Even the smaller species have no 
doubt been widely introduced to waters where they were not native. The major-
ity of the skeleton is not very easily identifiable nor diagnostic, but the scales 
are easily recognized as belonging to the family. Careful archaeological analyses 
might assist the ichthyological record by establishing the original ranges of the 
nine species now found in the state, but at present there is not much known.  
Evidence of centrarchids was found at the Mitchell Site by Alex (1973), who 
also noted their presence at the Brewster Site in Iowa. Evidence was minimal, 
however, since only one identifiable element was found at each site.
 Perches (Percidae). Among South Dakota’s most favored sport fishes, the 
eight species now found here include the Sauger (Stizostedion canadense), Walleye 
(Stizostedion vitreum), and Yellow Perch (Perca flavescens). Although readily taken 
by sport fishermen of the present, they might have been much more difficult 
for the aboriginal inhabitants to catch in large numbers. Walleye and/or Sauger 
(Stizostedion sp.) were present in the Mitchell Site, as reported by Alex (1973), 
who noted Stizostedion in her two Iowa sites as well. Other perches, presumably 
smaller species, may be found in sites, but the more fragile bones are not easily 
preserved. The perch family no doubt has provided favored resources to humans 
of all cultures.
 Drums (Sciaenidae). The freshwater drum (Aplodinotus grunniens) has read-
ily identifiable otoliths and crushing teeth on large pharyngeal bones. These are 
readily preserved and easily identified, as are some other portions of the skeleton. 
Alex (1973) noted the remains of drumfish at the Mitchell Site and at both of 
her Iowa sites.
 In summary, fossil evidence confirms that fish have been historically present 
in South Dakota for millions of years.  Archaeological evidence also supports that 
fish have been utilized as food, probably as long as humans have been in the state 
(circa 7-12,000 years B.P.).  Future studies will help fill in knowledge gaps about 
the kinds and amounts of fish used by native peoples and about the kinds of 
gear and methods used by them to catch fish.  Past regional archaeological stud-
ies highlighted larger bone fossil evidence, particularly of mammals.  As such, 
species determination for lesser animal groups such as birds, herptiles and fish 
have been directed to those species with easier diagnostic elements.  A regional 
reference collection with bone, spines, scutes and otoliths from all possible fish 
species past and present would greatly facilitate future archaeological studies.  
Hopefully, future studies will be more holistic in nature.
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ABSTRACT

 The western border of South Dakota is located along a transition zone be-
tween the mixed grass prairie to the east and the sagebrush steppe habitat to the 
west.  Several inhabitants of the sagebrush steppe community, such as the sage-
brush vole (Lemmiscus curtatus), and Merriam’s shrew (Sorex merriami) have been 
only collected from single localities in South Dakota.  The purpose of this study 
was to document the relative abundance of small mammals in the sagebrush 
steppe region of western South Dakota in relation to vegetation characteristics.   
Small mammals were sampled on 35 sagebrush steppe sites using live traps, snap 
traps, and pitfalls.   Percent cover of the shrub canopy and herbaceous understory 
was quantified by the line-intercept method and Daubenmire frames, and hori-
zontal cover was estimated.  Abundance of small mammals was then compared 
to metrics of local vegetation to determine the habitat associations of small mam-
mals in the sagebrush steppe habitats that were sampled.  
 A total of 264 individual small mammals representing 9 species were cap-
tured out of a total of 6930 trap nights.  Most notable was the capture of one 
sagebrush vole and two Merriam’s shrews, but the deer mouse (Peromyscus man-
iculatus), and the thirteen-lined ground squirrels (Spermophilus tridecemlineatus) 
were the most abundant species captured.  In 2001, deer mice were negatively 
correlated with percent grass cover between shrubs and positively correlated 
with percent bare ground between shrubs.  In 2002, deer mice were positively 
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associated with average maximum width and height of A. tridentata wyomingensis 
and percent other ground cover between shrubs, and negatively associated with 
percent sagebrush cover, percent shrub cover, and number of A. filifolia.  No sig-
nificant correlations were found for the thirteen-lined ground squirrel.  Although 
our sample size was insufficient to perform a rigorous statistical analysis, hispid 
pocket mice were found only in stands of A. filifolia.  Further research is needed 
to determine if small mammals are selecting habitat based on the local vegetation 
or other abiotic factors such as soil or topography.

Keywords

 Habitat, sagebrush, Small mammals, Artemisia, rodents, steppe, deer mice, 
sagebrush vole, Lemmiscus curtatus, Merriam’s shrew, Sorex merriami

INTRODUCTION

 The western border of South Dakota lies along a transition zone between 
the sagebrush steppe habitat found mostly further to the west and the mixed 
grass prairie of western South Dakota.   According to Jones et al. (1983), species 
of the Great Basin Faunal Element, such as Merriam’s shrew (Sorex merriami), 
northern pocket gopher (Thomomys talpoides), and the sagebrush vole (Lemmiscus 
curtatus), join with members of the mixed-grass prairie community in this transi-
tion zone.   Burning, bulldozing, grazing, herbicide treatment, and introduction 
of non-native grasses have significantly reduced the extent of sagebrush steppe 
habitat in the western United States (Branson 1985; Line 1997).   Additionally, 
about 60% of mixed-grass prairie in South Dakota, North Dakota, and Montana 
has been converted to tillage agriculture (Higgins et al. 2002).  
 The small mammal fauna of the sagebrush steppe regions of western South 
Dakota has been documented by a few researchers, but most studies have focused 
on Harding County in the extreme northwestern corner of the state.  Visher 
(1914) listed 40 species of mammals in an early survey of the region, but major 
portions of this area have been subsequently altered by the activity of humans 
(Higgins et al. 2002).   Anderson and Jones (1971) reported 53 species of mam-
mals from Harding County, but were unable to capture the sagebrush vole and 
Merriam’s shrew, two species typically found in sagebrush-grassland habitat, 
despite intensive trapping in sagebrush flats to the north of Camp Crook.   
 Relatively little is known of the distribution and habitat associations of small 
mammals associated with sagebrush steppe.  In 1970, a specimen of Merriam’s 
shrew was captured 0.8 km west of the border between Carter County, Montana 
and Harding County, South Dakota (Lampe et al. 1974), but was not docu-
mented in South Dakota until 1993 in Butte County, South Dakota (Mullican 
1994).  The only record of sagebrush voles in South Dakota previous to this study 
was by Birney and Lampe (1971) who collected two specimens in northwestern 
Harding County.   Thus, the transition zone between the sagebrush steppe and 
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the mixed-grass prairie of western South Dakota appears to be near the limit of 
the zone of tolerance for mammals of the Great Basin Faunal Element.
 The purpose of this study was to document the number of small mammals 
in the sagebrush steppe region of western South Dakota in relation to vegetation 
characteristics.   Selected sites that were part of a study of the influence of local 
vegetation on avian species (Lewis 2004) were sampled for small mammals using 
live traps, snap traps, and pitfalls.   The line-intercept method (Canfield 1941) 
and PVC frames (Daubenmire 1959) were used to quantify the percent cover of 
shrub canopy and herbaceous understory, and horizontal cover was estimated by 
the staff-ball method of Collins and Becker (2001) on all study sites by Lewis 
(2004).  Abundance of small mammals was then compared to metrics of local 
vegetation to determine the habitat associations of small mammals in the sage-
brush steppe habitats that were sampled.

METHODS

Study Area

 This study was conducted in Butte, Fall River, and Harding counties of west-
ern South Dakota from approximately 43.23° N to 45.75° N latitude, excluding 
the Black Hills of South Dakota, and from 103.26° W to 104.03° W longitude.  
Elevations ranged from 905 m in Butte County to 1190 m in Fall River County.  
This part of the Missouri Plateau overlies Cretaceous sediments of the Pierre, Fox 
Hills, and Hell Creek formations frequently interspersed with buttes of Tertiary 
sediments (Anderson and Jones 1971).  Most of the study sites were grazed by 
cattle or sheep.  Of the sites surveyed, 12 were in Butte County, 14 were in Fall 
River County, and 9 were in Harding County (Appendix A).  
 Western South Dakota is commonly classified as mixed-grass prairie (Brown 
1985, Rotenberry and Wiens 1980) or at least not classified as shrubland (Wiens 
et al. 1987, Paige and Ritter 1999).  However, two South Dakota reports have 
acknowledged that sagebrush exists in this area (SDOU 1991, Johnson and 
Larson 1999).  Johnson and Larson (1999), characterized the area for this study 
as Wheatgrass-Big Sagebrush Plains, containing scattered to fairly dense dwarf 
shrubs, and dominated by western wheatgrass (Agropyron smithii), Wyoming 
big sage (Artemisia tridentata wyomingensis), Junegrass (Koeleria macrantha), 
Sandberg’s bluegrass (Poa secunda), and needle-and-thread grass (Stipa comata).  
The eastern Fall River County study sites were exceptional because the dominant 
shrub on these sites was sand sagebrush (A. filifolia), which is rare or absent in 
the rest of the Dakotas.  

Small Mammal Surveys

 Small mammals were trapped during the summers of 2001 and 2002 along 
three 100 m transects spaced 10 m apart per study site, with the center tran-
sect located along the same line used for the vegetation sampling.  One fold-
ing Sherman live trap (71/2 x 71/2 x 20 cm) and one Museum Special snap trap 
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were placed at 10-m intervals along the length of each transect.  Additionally, 
one pitfall trap made with a no. 10 tin can was placed at each station along the 
center transect only.  Thus, a total of 33 Sherman live traps, 33 Museum Special 
snap traps, and 11 pitfall traps were placed on each study site.  Live traps were 
pre-baited and locked open with clothespins one day before traps were set with 
a mixture of cracked corn, wheat, and millet.  Mullican and Keller (1986) found 
that sagebrush voles (Lemmiscus curtatus) were captured much more frequently 
when using sliced carrots for bait, rather than using grain or peanut butter and 
grain mixtures typically used for trapping small mammals, so sliced carrots were 
added to the live traps and pitfall traps in addition to the grain mixture to attract 
sagebrush voles.  Following the pre-baiting period, traps were set between 18:00 
and 20:30 hours, and checked every morning for three consecutive days.   Mu-
seum skins and skulls of representative individuals of each species captured were 
prepared and deposited in the Sternberg Museum at Fort Hays State University, 
Hays, Kansas.

Vegetation Sampling

 Vegetation surveys were conducted by Lewis (2004) in conjunction with a 
study of the influence of local vegetation on the abundance of avian species in 
sagebrush steppe habitats of North and South Dakota.  Details of the methods 
may be found in Lewis (2004).  Shrub variables used in this study included: 
shrub cover (Canfield 1941, Higgins et al. 1994), average maximum height of 
shrubs (maximum height of individual shrubs averaged for each site), index of 
shrub size (maximum length by maximum width of individual shrubs averaged 
for each site), number of live shrubs, number of dead shrubs, and shrub density 
(shrubs/m2).  Herbaceous vegetation variables included: ground cover between 
shrubs and ground cover under shrubs (Daubenmire 1959).  The ground 
cover types quantified were percent cover grass, percent cover forbs, percent bare 
ground, and percent cover of other materials, including rocks, litter, etc.  In addi-
tion, maximum effective height of herbaceous vegetation within the Daubenmire 
frames, measured both between and under shrubs.  Horizontal cover was quanti-
fied using a staff-ball method described by Collins and Becker (2001).

RESULTS

 Two hundred sixty-four individual small mammals representing 9 species 
were captured on 35 study sites out of a total of 6930 trap nights in western 
South Dakota.  No animals were captured in pitfall traps during either 2001 or 
2002, so calculations of trap nights do not include pitfalls.  The mean number 
of animals captured per 100 traps nights for live traps was 4.6 and was signifi-
cantly higher, (T=3.71, P=0.001, d.f.=31) than the mean of 2.3 animals/100 trap 
nights for snap traps when tested with a paired sample t-test.  Capture rates 
of small mammals were very low in 2001 with a mean of 3.0 animals per 100 
trap nights, which was very highly significantly different (T=-7.31, P<0.0001, 
d.f.=24) from the mean of 13.7 animals per 100 trap nights for 2002.  
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 The deer mouse (Peromyscus maniculatus) (total of 206 captures) and the 
thirteen-lined ground squirrel (Spermophilus tridecemlineatus) (total of 34 
captures) were the most frequently captured species, and were the only ones 
captured across enough of the study sites to warrant regression against vegeta-
tion metrics.  Notable among the other species captured were two rare species 
for which there have only been one record each for South Dakota (Birney and 
Lampe, 1972; Mullican, 1994), the sagebrush vole (Lemmiscus curtatus) and 
Merriam’s shrew (Sorex merriami) with one and two captures respectively.  Other 
species captured, in decreasing order of their relative abundance, include the 
hispid pocket mouse (Perognathus hispidus), olive-backed mouse (Perognathus 
fasciatus), western harvest mouse (Reithrodontomys megalotis), grasshopper mouse 
(Onychomys leucogaster), and the house mouse (Mus musculus).
 Species richness was low ranging from 0 to 4 over the 35 study sites sampled, 
with a mean ± 1 S.D. of 1.74 ± 1.22.  The mean Shannon-Weaver diversity index 
± 1 S.D. on those sites where at least one species was captured (N=27) was 0.631 
± 0.58.  Diversity indices ranged from 0 to 1.96 over all sites sampled, and were 
greater in 2002 than in 2001.

Small Mammal Diversity versus Local Vegetation Variables

 Simple linear regression of the Shannon-Weaver diversity index versus veg-
etation metrics revealed three variables which were statistically significant.  Hori-
zontal cover at 25 cm was significantly correlated with species diversity (ρ=0.415, 
p=0.032, d.f.=25).  Maximum effective height of the herbaceous vegetation 
between shrubs (the tallest part of any herbaceous plant as measured in the large 
Daubenmire frames) also varied significantly with species diversity (ρ=0.431, 
p=0.025, d.f.=25), as well as the number of sand sage bushes (ρ=0.553, p=0.003, 
d.f.=25).  A fourth variable, horizontal cover at 10 cm was almost significantly 
correlated with species diversity (ρ=0.378, p=0.052, d.f.=25).  A multiple regres-
sion against diversity indices was performed using those variables whose coeffi-
cients were significantly different from zero, but was no better at explaining the 
variation in diversity than univariate analyses.

Deer Mouse Relative Abundance versus Local Vegetation Variables

 F-tests for equality of variances of the relative abundance of deer mice be-
tween 2001 and 2002 and between early and late summer were performed to 
determine if data could be pooled over the time period of the study.  Between 
2001 and 2002, variances of the relative abundance of deer mice were signifi-
cantly different (F=0.21, p=0.001, d.f.=21, 13).  Between early summer and late 
summer, no significant differences were found in the variances of the relative 
abundance of deer mice (F=2.33, p=.102, d.f.=19, 15).  Thus, data from both 
early and late summer were pooled in the following regression analyses of deer 
mouse relative abundance versus vegetation metrics.
 During the summer of 2001, deer mice were negatively correlated with 
percent grass cover between shrubs (ρ=-0.525, p=0.014, d.f.=19), and positively 
correlated with percent bare ground cover between shrubs (ρ=0.616, p=0.003, 
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d.f.=19).  In 2002, deer mice were negatively correlated with percent sagebrush 
cover (ρ=-0.695, p=0.018, d.f.=9), percent shrub cover (ρ=-0.672, p=0.024, 
d.f.=9), and the number of A. filifolia (ρ=-0.626, p=0.039, d.f.=9).  Variables 
positively correlated with deer mice abundance in 2002 included average maxi-
mum width of Wyoming big sage (ρ=0.692, p=0.018, d.f.=9), average maximum 
height of Wyoming big sage (ρ=0.843, d.f.=9) and percent cover of other plants 
between shrubs (ρ=0.673, p=0.023, d.f.=9).  

Thirteen-lined Ground Squirrel Relative
Abundance versus Vegetation Variables

 Between 2001 and 2002, variances of the relative density of thirteen-lined 
ground squirrels were not significantly different (F=0.509, P=0.182, d.f.=19, 
12).  Between early summer and late summer trapping periods,  variances of 
the relative density of thirteen-lined ground squirrels were significantly different 
(F=0.365, P=0.049, d.f.=18, 13).  Thus, for all regression analyses, data from 
2001 and 2002 for S. tridecemlineatus were pooled, whereas regressions of rela-
tive abundance of S. tridecemlineatus were performed separately on data from 
the late summer trapping period.  Too few animals were captured to perform re-
gression analyses for relative abundance of thirteen-lined ground squirrels versus 
vegetation variables for early summer trapping periods.
 There were no statistically significant associations of thirteen-lined ground 
squirrels with vegetation variables in 2002.  Mean values of vegetation charac-
teristics appeared to be similar on areas where thirteen-lined ground squirrels 
were captured versus those areas where none were captured.  A. cana was present 
on three of the areas where thirteen-lined ground squirrels were captured, but 
was not found on areas where they were not captured.  Likewise, A. filifolia was 
found on five of the areas where thirteen-lined ground squirrels were captured, 
but was not found where they were not captured.  Overall, the relative density 
of thirteen-lined ground squirrels was low, with a mean of 0.5 individuals/100 
trap nights.

Local Vegetation Associated with the Hispid Pocket Mouse

 The hispid pocket mouse (Perognathus hispidus) was captured on only two 
study sites in Fall River County.  Thus, the small sample size precluded rigorous 
statistical analysis.  There was a qualitative difference in the local vegetation on 
the sites where P. hispidus was captured compared to those areas where they were 
not found.  P. hispidus was only captured on those areas where A. filifolia was 
present and A. tridentata wyomingensis was absent (Fig. 1).  A. filifolia was also 
found on another study site where P. hispidus was absent, but only a small num-
ber of plants were recorded and A. tridentata wyomingensis was the dominant 
shrub.
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Local Vegetation Associated with the
Presence of the Olive-backed Mouse

 The olive-backed mouse (Perognathus fasciatus) was found in widely scattered 
areas, but appeared to prefer areas where sand sage was abundant (fig. 2) in Fall 
River County.  The number of A. tridentata wyomingensis was lower and percent 
grass cover between shrubs was higher on study sites where this species was pres-
ent.  However, the small sample size precluded any rigorous statistical testing of 
hypotheses concerning the vegetation associations of the olive-backed pocket 
mouse.

Local Vegetation Associated with the
Presence of the Western Harvest Mouse

 The western harvest mouse (Reithrodontomys megalotis) was only captured 
on three sites located in Fall River County.  A comparison of mean vegetation 
variables on two of the areas where the western harvest mouse was present with 
the mean values where it was not captured is shown in fig. 3.  R. megalotis was 
captured in typical stands of Wyoming big sage that did not appear to be any 
different from those stands where it was absent (fig. 3).

Local Vegetation Associated
With the Presence of Merriam’s Shrew

 Merriam’s shrew (Sorex merriami) was only captured on two sites in Butte 
County (T11N, R2E, Sec. 23, NW 1/2  and T11N, R2E, Sec. 3, NE 1/2).  Both 
of these areas were within 22 km of the site where the first specimen of S. mer-

Figure 1.  Comparison of mean vegetation variables on sites where P. hispidus was 
captured (N=2) versus mean values on sites where it was absent (N=31).  Percent cover 
estimates for grass, forbs, and bare ground were measured between shrubs.
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riami was recorded for South Dakota (Mullican, 1994).  The percent grass cover 
between shrubs was higher and the total number of shrubs was lower on those 
areas where S. merriami was captured compared to those areas where it was ab-
sent (fig. 4); however, the small sample size precluded any statistical comparison 
of vegetation data.  One of the areas where S. merriami was captured was located 
next to a dry wash, which was also the case for the first area where this species 
was recorded (Mullican, 1994).

Figure 2.  Comparison of mean vegetation variables on sites where P. fasciatus was 
present (N=3) versus mean values on sites where it was absent (N=30).  Percent cover 
estimates for grass, forbs and bare ground were measured between shrubs.

Figure 3.  Comparison of mean vegetation variables on sites where R. megalotis was 
present (N=2) versus mean values on sites where it was absent (N=31).  Percent cover 
estimates for grass, forbs and bare ground were measured between shrubs.
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Local Vegetation Associated with the
Presence of the Northern Grasshopper Mouse

 Only two northern grasshopper mice (Onychomys leucogaster) were captured 
in this study; one in Butte County and one in Harding County.  Mean sage-
brush, total number of shrubs, and percent grass cover between shrubs were 
slightly lower on those areas where O. leucogaster was present compared to those 
areas where it was absent (fig. 5).  Horizontal cover at 25 and 50 cm was also 
lower on those areas where this species was present.  However, these observations 
must be considered to be anecdotal due to the small sample size.
 

Local Vegetation Associated
With the Presence of the Sagebrush Vole

 One sagebrush vole (Lemmiscus curtatus) was captured in Butte County 
(T14N, R5E, Sec. 19, SE 1/4) about 3 km N of the South Fork of the Moreau 
River in an area that appeared to be heavily grazed by domestic sheep.  The 
percent grass cover between shrubs and number of live shrubs was lower on this 
area than on those areas where this species was absent (fig. 6).  Additionally, the 
percent bare ground between shrubs and number of dead shrubs was higher on 
this area than those areas where it was absent (fig. 6).  

Local Vegetation Associated with the House Mouse

 One specimen of the house mouse (Mus musculus) was captured in a dense 
stand of A. tridentata wyomingensis located near the edge of the town of Edge-
mont in Fall River County.  The presence of this species on this site was most 
likely related to the proximity to human habitations rather than the local vegeta-
tion however.  

Figure 4.  Comparison of mean vegetation variables for sites on which S. merriami was 
present (N=2) versus those where it was absent (N=31).  Percent cover estimates for 
grass, forbs and bare ground were measured between shrubs.
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DISCUSSION

Deer Mice

 The deer mouse is one of the most ubiquitous small mammals of North 
America, occupying nearly every conceivable habitat including open grasslands, 
brushy country, badlands, cliffs, coniferous woodlands, shelterbelts, pastures, 
and croplands (Jones et al. 1983).  The only habitats not typically inhabited by 
deer mice are dense woodlands and riparian areas occupied by the white-footed 

Figure 5.  Comparison of mean vegetation variables on those sites where O. leucogaster 
was present (N=2) versus those where it was absent (N=31).  Percent cover estimates for 
grass, forbs and bare ground were measured between shrubs.

Figure 6.  Comparison of mean vegetation variables on sites where L. curtatus was 
captured (N=1) versus mean values on sites where it was absent (N=32).  Percent cover 
estimates for grass, forbs and bare ground were measured between shrubs.
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mouse.  In this study, deer mouse abundance did not appear to vary with sage-
brush cover in 2001, but was negatively associated in 2002.  Deer mice are om-
nivorous and feed opportunistically on a variety of plant and arthropod material 
(Jones et al. 1983), which may fluctuate annually with climate.  According to the 
National Agricultural Statistics Service (http://www.nass.usda.gov/sd/bulletin/
Ab02013.pdf ), precipitation during the 2000 growing season (1 April 2000– 30 
September 2000) was below average in northwestern South Dakota, but was 
above average in 2001.  Thus, the differences in habitat associations between 
2001 and 2002 may have been due to differences in local food availability as a 
result of differential plant growth from the previous growing season.  

Thirteen-lined Ground Squirrels

 According to Higgins et al. (2000), thirteen-lined ground squirrels are found 
mostly in short and mid-length grasslands, prairie dog towns, and disturbed 
areas such as roadsides.  They are very widespread in the northern Great Plains, 
but avoid tall grass which may obscure their view of predators (Jones et al. 1983).  
MacCracken et al. (1985) found that thirteen-lined ground squirrel densities 
were 2-4 times higher in grassland areas than sagebrush-grassland areas of south-
eastern Montana, and were significantly correlated with grass, prickly pear, and 
bare ground cover.  The lack of any statistically significant associations in this 
study may have been due to the small sample size and that sagebrush steppe is 
not the preferred habitat for thirteen-lined ground squirrels.

Hispid Pocket Mice

 Hispid pocket mice exhibit a preference for loamy soils (Jones et al. 1983; 
Higgins et al. 2000).  According to Jones et al. (2000) hispid pocket mice prefer 
areas with considerable bare ground.  The amount of bare ground did not ap-
pear to be any different on the areas where this species was captured compared 
to those areas where it was absent.  The soil on the sites where P. hispidus was 
captured was of the Dailey-Ascalon Association, which consists of sandy and 
loamy soil (Lewis, 2004).  These areas were unique among the study sites in that 
the dominant shrub on these sites was sand sage (A. filifolia).  Thus, in south-
western South Dakota, hispid pocket mice would be expected to be found in 
stands of sand sage located in sandy, loamy soil.  This species is a seed eater and 
may be able to coexist with the olive-backed pocket mouse by occupying differ-
ent microhabitats or by partitioning food based on size within these stands of 
sand sage.  Further studies are needed to determine the amount of competition 
and microhabitat preferences of the hispid pocket mouse and the olive-backed 
pocket mouse in southwestern South Dakota.

Other Species

 Other species of small mammals were captured in insufficient numbers to 
make generalizations concerning their habitat preferences.  Two rare species, 
however, were captured that are noteworthy.  The sagebrush vole and Merriam’s 
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shrew have only been reported once in South Dakota previous to this study 
(Birney and Lampe 1972; Mullican 1994).  These species are both considered 
to be sagebrush obligate species, and are rarely found in other habitats.  It may 
be that the lack of bunchgrasses, which are typically dominant further to the 
west, or competition from the prairie vole (Microtus ochrogaster) which is known 
to inhabit western South Dakota (Mullican, unpublished data), may limit the 
number of sagebrush voles.  Nonetheless, the apparent scarcity of these two spe-
cies and their absence across large areas of seemingly suitable habitat suggests that 
their populations should be closely monitored to assure that they remain a part 
of the fauna of South Dakota.
 It is important to note that the vegetation associations found in this study 
do not necessarily imply causal relationships.  Small mammals in western South 
Dakota may select habitats based on soil or topography, which may in turn affect 
plant cover.  Plant cover does affect food availability and potential nesting sites 
however.  Local vegetation is also an easily identifiable landscape feature used 
by researchers involved in Gap Analysis programs (Crist 1995) that compare 
the potential habitat of animals with their actual distribution in order to make 
educated decisions regarding land management practices in protected areas.  The 
apparent lack of sagebrush obligate species such as Merriam’s shrew and the 
sagebrush vole on the majority of the sites in this study suggests that these spe-
cies should be carefully examined by those involved with the South Dakota Gap 
Analysis Program and the South Dakota Natural Heritage Program.  
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ABSTRACT

 A spider biodiversity study was conducted at Oak Lake Field Station, 
Brookings County, during the summers of 2003 and 2004 in order to collect 
and inventory spider families found in eastern South Dakota.  Pitfall traps were 
set at nine site locations with the following categorized habitats: lakeside elevated 
woodland, midslope woodland, mesic meadow, xeric prairie, xeric exotic-grass 
prairie, and coniferous windbreak.  A total of 1053 specimens were identified, 
representing 49 genera in the following 21 families: Agelenidae, Amaurobiidae, 
Araneidae, Clubionidae, Corinnidae, Cybaeidae, Dictynidae, Gnaphosidae, 
Linyphiidae, Liocranidae, Lycosidae, Micryphantidae, Nesticidae, Oxyopidae, 
Philodromidae, Pholcidae, Pisauridae, Salticidae, Tetragnathidae, Theridiidae, 
and Thomisidae. The ratio of males (47.2%) to females (47.4%) collected was 
near equal. The mesic meadow was sampled both years, and in 2004 the area was 
subjected to a prescribed burn resulting in a lower number of spiders collected 
and a lower diversity of spider families.   The coniferous windbreak site yielded 
high numbers of wolf spiders (Lycosidae) relative to other sites.  Combined data 
show a clear pattern in weekly capture rates, with numbers steadily decreas-
ing throughout the summer. Nine families previously unrecorded from South 
Dakota were collected. The spider fauna of eastern South Dakota is considered 
incompletely inventoried, even at the family level, and continued efforts are ex-
pected to prove productive and informative.

INTRODUCTION

 Peterson (1939) conducted the first and only known spider biodiversity 
study in South Dakota.  As part of his study he recorded 13 families from two 
locations in Brookings County: Oakwood Lakes and the Brookings area, neither 
of which currently resemble native prairie.  Due to limited sampling, Peterson’s 
survey was a poor estimation of the diversity of the spider fauna in eastern South 
Dakota; furthermore, it is unpublished and taxonomically obsolete.  As shown 
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here, a much broader range of spider families exists within South Dakota than is 
mentioned in Peterson’s study, even when correcting for taxonomic changes, and 
this clearly illustrates a need for more spider research in the area. 
 This study’s main objectives were to develop a catalog of spiders, identified 
to family and when possible, genus and species, occurring at the Oak Lake Field 
Station and to identify spiders occurring in the abstract prairie of Eastern South 
Dakota. It was also intended to broaden the scope of known spider families 
occurring in South Dakota and provide a baseline for future statewide spider 
inventory studies.
 Sampling was conducted at the Oak Lake Field Station, Brookings Co., 
South Dakota during the summers of 2003 and 2004.  The Oak Lake Field Sta-
tion (OLFS) is a 230 ha research facility owned and operated by South Dakota 
State University (Troelstrup 2005) (Fig. 1).  The OLFS is situated in a prairie 
pothole and is a prime study area due to a wide variety of habitats, which opti-
mizes the collection of different types of spiders.  

Figure 1. GIS-generated map of Oak Lake Field Station, Brookings Co., SD, with locations 
of numbered sites shown.
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METHODS

 Nine sites were sampled.  Specific habitats sampled were: lakeside elevated 
woodland, midslope woodland, mesic meadow, xeric prairie, xeric exotic-grass 
prairie and coniferous windbreak.  Brief descriptions of each site can be found 
in Table 1.  Five sites of these habitats were sampled in 2003: lakeside elevated 
woodland, xeric prairie A, xeric prairie B, mesic meadow, and midslope wood-
land.  Four sites were sampled in 2004: mesic meadow, xeric prairie C, xeric 
exotic-grass prairie, and coniferous windbreak.  The mesic meadow was the only 
site sampled both years.  Visual differences in flora and their distinction from 
surrounding predominant vegetation, as well as discernible soil aridity, were 
incorporated in site selection and recorded.  Aspect was recorded and unique in-
cidences noted, such as the occurrence of a thatch ant mound within a site (Table 
1).  Sites are numbered as presented on Table 1 and appear on a GIS-generated 
map of the OLFS (Fig. 1). 
 Spiders were collected primarily by the use of pitfall traps, with six traps per 
site, collected weekly.  Pitfall traps were glass culture tubes containing a 1:1 solu-
tion of 80% ethyl alcohol and propylene glycol and were slipped inside of 12” 
sections of PVC pipe, its purpose to protect the inserted test tubes.  While pitfall 

Table 1.  Site number, habitat type and description at Oak Lake Field Station, Brookings 
County, SD.

 
 
 
 

Site 
Number Habitat Type Habitat description (predominant

vegetation, discernible soil aridity, aspect)

#1 Midslope
Woodland Green ash (Fraxinus pennsylvanica); moist; easterly 

#2 Lakeside Elevated 
Woodland

Bur oak (Quercus macrocarpa), green
ash; very moist; northeasterly

#3 Xeric
Prairie A

Smooth brome (Bromus inermis), leadplant (Amorpha cane-
scens), purple coneflower (Echinacea purpurea), groundplum 

milkvetch (Astragalus crassicarpus); dry; southerly

#4 Xeric
Prairie B

Smooth brome, surrounded on three sides by
bur oak and green ash; dry; southwesterly

#5 Mesic
Meadow

Smooth brome, green ash (saplings),
abuts wetland; moist; southwesterly

 
 
 

#6 Mesic
Meadow

Smooth brome, green ash, abuts wetland,
post-prescribed burn; moist; southwesterly

#7 Xeric
Prairie C

Smooth brome, large thatch ant (Formica sp.)
mound on north side; dry; southeasterly

#8 Coniferous
Windbreak

Pine Trees (Pinus ponderosa), woodbine
(Parthenocissus vitacea); moist; easterly

#9 Xeric Exotic-
Grass Prairie

Kentucky bluegrass (Poa pratensis), large incidence of
Canada goldenrod (Solidago canadensis); dry; easterly

20
03

20
04
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trapping is recognized to afford a close estimate of the total number of species in 
a community, especially of wandering spiders, sole reliance is not recommended 
(Uetz et al. 1976).  Thus sweep nets (for catching grass-dwelling spiders), beating 
sheets (for collecting tree- and shrub-dwelling spiders) and hand collections were 
also performed.
 Spiders were sorted and placed in separate vials with 80% ethyl alcohol.  
Spiders were sexed and separated to morphospecies, then keyed to the family 
level and, where possible, genus and species.  All spider data were entered onto 
a spreadsheet and submitted to the OLFS database.  Voucher specimens were 
placed in the OLFS collection.

RESULTS

 A total of 1053 specimens were identified that represent 49 genera in 21 
families (Table 2). The percent of females to males collected within families 
varied little with the overall percentages being 47.4% female and 47.2% male.  
Immatures (5.3%) could not be sexed. 
 The site with the highest number of families collected (16) was the xeric prai-
rie B. Those with the lowest numbers of families collected (8) were the coniferous 
windbreak and xeric exotic-grass prairie sites (Fig. 2).  The mesic meadow site 
was sampled both years; in 2003 a higher number of specimens (88) and fami-
lies (13) were collected as compared to 2004 (54 and 9, respectively). The mesic 
meadow site was subjected to a prescribed burn one month prior to sampling in 
2004, which affected spider density and diversity here. 
 The majority of spiders (41%) collected were Lycosidae (wolf spiders).  Out 
of a total of 435 lycosid specimens, 141 were caught at the coniferous windbreak.  
This is nearly 33% of all lycosids captured.  These specimens represent only two 
or three morphospecies. 
 Collecting began later in 2004 than in 2003 (week 3; roughly 27 June) and 
extended past the previous year’s ending date (week 9; roughly 12 August), but 

Figure 2. Spider family richness per site.
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Table 2. A list of spider families collected during the summers of 2003-2004 at Oak Lake 
Field Station, Brookings County, SD.

Families are listed in approximate phylogenetic order (Kaston 1978, Roth 1993, Dean 
2005).  Genera are listed alphabetically within the family.  Numbers following family 
names are numbers of specimens collected per family. 

Dictynidae (3)
       Cicurina sp.
       Dictyna sp.
Amaurobiidae (2)
       Wadotes sp.
Pholcidae (1)
Theridiidae (65)
      Robertus sp.
      Steatoda borealis (Hentz)
      Theridion frondeum Hentz
      Theridion sp.
      Tidarren sp.
Nesticidae (3)
Linyphiidae (76)
      Bathyphantes sp.
      Microneta viaria (Blackwall)
      Microneta sp.
Micryphantidae (135)
Araneidae (46)
      Acanthepeira sp.
      Argiope aurantia Lucas
      Drexelia sp.
      Eustala sp.
Tetragnathidae (26)
      Leucauge sp.
      Pachygnatha sp.
      Tetragnatha sp.
      Zygiella sp.
Agelenidae (23)
      Agelenopsis sp.
Pisauridae (1)
Lycosidae (435)
      Alopecosa sp.
      Arctosa sp.
      Hogna helluo (Walckenaer)
      Hogna sp.
      Lycosa spp.
      Pardosa distincta (Blackwall)
      Pardosa xerampelina (Keyserling)
      Pardosa sp.
      Pirata insularis Emerton
      Pirata minutus Emerton
      Pirata sp.

      Schizocosa avida (Walckenaer)
      Schizocosa bilineata (Emerton)
      Schizocosa crassipes (Walckenaer)
      Schizocosa sp.
      Trochosa sp.
Oxyopidae (1)
Gnaphosidae (63)
      Drassylus sp.
      Haplodrassus sp.
      Micaria longipes Emerton
      Sergiolus sp.
      Zelotes sp.
Clubionidae (24)
Thomisidae (74)
      Bassaniana versicolor  (Keyserling)
      Bassaniana utahensis (Gertsch)
      Bassaniana sp.
      Misumena sp.
      Misumenops sp.
      Xysticus alboniger Turnbull, Dondale & Redner
      Xysticus transversatus (Walckenaer)
      Xysticus sp. 
Philodromidae (23)
      Philodromus vulgaris (Hentz)
      Tibellus oblongus (Walckenaer)
      Tibellus sp.
Salticidae (47)
      Attidops youngi (G. & E. Peckham)
      Eris militaris (Hentz)
      Habrocestum pulex (Hentz)
      Habrocestum sp.
      Icius sp.
      Pelegrina protervus (Walckenaer)
      Phidippus audax (Hentz)
      Plexippus sp.
Corinnidae (1)
       Trachelas sp.
Cybaeidae (2)
       Cybaeus sp.
Liocranidae (2)
       Agroeca sp.
       Phrurotimpus sp.
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within the correlating weeks for both years spiders collected peaked at the end of 
June then steadily decreased over the course of the summer (Fig. 3).

DISCUSSION

 Lycosidae account for 82.5% of all spiders collected at the coniferous wind-
break site, and 32.4% of the total number of lycosids were caught here, repre-
sented by only two or three morphospecies. The pitfall traps at this site caught 
little else than wolf spiders.  In a study of a subnivean fauna Schmidt et al. (1992) 
showed that spiders were significantly more numerous in stands of conifer than 
in stands of meadow or sagebrush.  Gunnarsson (1990) showed the importance 
of needle density for spruce-living spiders, noting that reduced needle density 
correlated with a reduced spider population.  In a later paper (Gunnarsson 
1996) he showed that in the presence of bird predators, abundance of spiders 
was greater on spruce branches with high needle density.   Though Gunnarsson’s 
observations alone do not explain the abundance of the largely ground-dwelling 
Lycosidae, the greater protection afforded by conifers could contribute to a high 
lycosid population.  
 Space is an important limiting factor of population size in the genus Par-
dosa (Lycosidae) (Vogel 1971), and Pardosa species dominated in the coniferous 
windbreak.  Lycosids are highly territorial, defending an inter-individual space of 
about 3” in diameter (Vogel 1972), and if spider density is high, will exhibit can-
nibalistic tendencies even in areas of high prey density (Riechert 1974), though 
cannibalism is more frequent when prey is scarce (Wagner et al. 1996; Samu et 
al. 1999).  The pitfall samples consisted primarily of spiders and secondarily of 
a small number of crickets and millipedes that may be potential prey.  This does 
not suggest a high prey density, yet even if prey densities were higher competition 
among individual lycosids may suppress the lycosid population.  

Figure 3. Weekly capture rates for pitfall traps, 2003-2004.
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 Rypstra et al. (1999) and Bultman et al. (1984) showed that the diversity 
of the spider community is closely tied to the structural complexity of the local 
environment.   Abundance of spiders in general increases with greater structural 
diversity of ground litter (Bultman et al. 1984), suggesting perhaps that conifer-
ous tree stands have a complex litter structure suitable for a large population of 
cursorial spider.  At the windbreak site the space beneath the lowest branches was 
crowded with vegetation, adding complexity to the layers of pine needle litter.   
The findings of Vogel (1971, 1972), Riechert (1974), Wagner et al. (1996) and 
Samu et al. (1999) are somewhat contradictory to what was found in this study 
at the coniferous windbreak site, and it is unclear that cannibalism plays a greater 
role in this population of lycosids than does habitat complexity.
  In 2003, 88 spiders were recorded from the mesic meadow.  In 2004, how-
ever, only 54 were recorded.  This was the lowest number of spiders collected 
of all sites for both years.  A possible reason for this was a prescribed burn that 
occurred in 2004 at that site one month prior to sampling. The number of fami-
lies caught between both years also varied with 13 recorded in 2003 and nine in 
2004.  The families absent from second-year collection were Agelenidae, Micry-
phantidae, Nesticidae, Oxyopidae, and Philodromidae.  Siemann et al. (1997), 
Anderson et al. (1989), and  Dunwiddie (1991) suggest that arthropods are not 
significantly affected by burns, though in one instance the numbers of Arachnida 
were lower in a burned plot than in an untreated plot (Dunwiddie 1991), and 
Rice (1932), Riechert et al. (1972), and Nagel (1973) reported similar declines 
in spider numbers following spring burning.  Riechert et al. (1972) showed that 
spiders active on the surface at the time of a burn would be destroyed, while 
those under the surface or in dense clumps of vegetation may escape heat-caused 
damage.  Invertebrate composition and population density are influenced by mi-
croclimatic and vegetational structural changes caused by burning (Riechert et al. 
1972). Warren et al. (1987) suggested that changes in prey density and diversity 
will directly affect spider populations. If prey was either killed during the burn 
or left the area post-burn, it is likely that spider populations would have to move 
to areas of higher prey density.  It can be hypothesized that the lower numbers of 
spiders following the 2004 burn at OLFS were the result of a temporary habitat 
change, with surviving spiders moving away from the area post-burn in search of 
better cover for protection from predation, structural differences (in unburned 
areas) for web-making, and prey. 
 Barnes et al. (1955) discussed the extent to which spider populations exist 
in an abstract sense within a community.  A ‘concrete community’ is a particular 
stand of vegetation (e.g. pine trees) at a specific location.  The ‘abstract commu-
nity’ would be a general reference to all stands of pine trees.  They found that an 
abstract plant community would support an abstract spider population.  From 
Barnes’s study, it can be inferred that the spiders found within particular plant 
communities at Oak Lake Field Station will also be found in similar plant com-
munities elsewhere in Eastern South Dakota.  
 This spider study brings the number of known spider families in eastern 
South Dakota to 21, though this would undoubtedly rise again upon further 
study.  The family Mimetidae was reported by Peterson (1939) but was not 
found in this effort.  Conversely, the families Amaurobiidae, Corinnidae, Cy-
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baeidae, Liocranidae, Linyphiidae, Micryphantidae, Nesticidae, Oxyopidae and 
Pholcidae were found in this study, but not represented in Peterson’s inventory.   
The additional families reported here were due to the use of pitfall traps and a 
more intensive local study than that by Peterson.  As stated previously, Peterson’s 
study is incomplete in its representation of the spider families of South Dakota.  
Further studies should focus on detailed inventories of the spiders of South 
Dakota, subsequently leading to studies of individual species and communities.  
Complete spider diversity studies are dependent upon a variety of sampling 
methods in or among a wide variety of habitats.
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ABSTRACT

 Bluegills Lepomis macrochirus were collected from Little Moreau Lake (Dew-
ey County) and Lake Louise (Hand County) for a comparison of two different 
aging techniques.  Bluegills were assigned an identification number, weighed, 
and measured.  Scales were removed at the tip of the pectoral fin, below the 
lateral line, and sagittal otoliths were removed from each fish.  Scales were aged 
by South Dakota Department of Game, Fish and Parks personnel, while otoliths 
were aged at South Dakota State University.  The Little Moreau population 
sample (N=45) was dominated by young fish; 91% of the fish were ages 2-5 and 
only one exceeded age 6.  Agreement between scale and otolith ages was very 
high; disagreements occurred for only five fish, and in all cases the age difference 
was one.  The Lake Louise population sample (N=59) had a more extended age 
structure from 2-11, and 29% of the fish were age 6 and older.  We found high 
agreement between scale and otolith age assignments for ages 2-5; only three 
disagreements occurred for these 32 fish.  However, scale ages were consistently 
lower than otolith ages for age-6 and older fish.  In addition, scale ages were as 
much as 5 years lower than otolith ages for these older fish.  Thus, scales provided 
age assignments similar to those from otoliths over the first 5 years.  However, 
scale ages were consistently underestimated for older bluegills when compared 
with otolith ages.
 

INTRODUCTION

 Accurate fish ages are important for proper application of standard methods 
such as growth analysis, age-structure analysis, and mortality rate determina-
tion.  Accuracy of bluegill Lepomis macrochirus ages from sagittal otoliths was 
validated by Hales and Belk (1992).  Hoxmeier et al. (2001) found that bluegill 
age estimates for scales were less precise than those for otoliths.  However, these 
authors also reported that latitude affected the precision of scale age estimates.  
Across even the latitudinal gradient found in Illinois, they reported that precision 
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of scale age estimates declined for lower (i.e., southern) latitudes.  Therefore, the 
objective of this study was to compare age estimates determined from scales and 
sagittal otoliths for bluegills collected from two South Dakota impoundments.

METHODS

 Bluegills were collected from two small South Dakota impoundments.  Lit-
tle Moreau Lake is a 15-ha impoundment in Dewey County, and Lake Louise is 
a 66-ha impoundment located in Hand County.   All fish were collected during 
standard trap-net surveys conducted by the South Dakota Department of Game, 
Fish and Parks (SDGFP) at Little Moreau Lake (June 23 and 23, 2004) and Lake 
Louise (June 8, 2004).  These nets have a bar mesh size of 19 mm, which did 
retain bluegills as small as 70 mm (total length; TL).
 Bluegills were assigned an identification number, weighed, and measured to 
the nearest millimeter (TL).  Scales were removed at the tip of the pectoral fin, 
and below the lateral line (DeVries and Frie 1996).  Sagittal otoliths were then 
removed from each fish as described by Secor et al. (1991). 
 Scales were pressed into acetate strips with a roller press, and aged by SDG-
FP personnel using a microfiche reader.  Sagittal otoliths were wiped, returned 
to South Dakota State University, and stored in plastic vials for a minimum of 2 
weeks prior to annulus enumeration.  Otoliths were aged in whole view through 
age 5 (Hales and Belk 1992).  Otoliths from age-6 and older bluegills were 
cracked (broken in half through the nucleus and perpendicular to the longest 
axis), wet sanded, placed in clay, and viewed with a fiber optic light under a 
binocular microscope at 40X magnification after immersion oil was applied.

RESULTS AND DISCUSSION

 The Little Moreau population sample (N=45) was dominated by young 
fish; 91% of the fish were ages 2-5 and only one exceeded age 6 (Figure 1).  The 
dashed line indicates the 1:1 relationship (complete agreement), while the solid 
line depicts the observed relationship.  Agreement between scale and otolith ages 
was very high; disagreements occurred for only five fish, and in all cases the age 
difference was one. 
 The Lake Louise population sample (N=59) had a more extended age struc-
ture from ages 2 through 11, and 29% of the fish were age 6 or older (Figure 2).  
We found high agreement between scale and otolith age assignments for ages 2-
5; only three disagreements occurred for these 32 fish.  However, scale ages were 
consistently lower than otolith ages for age-6 and older bluegills.  Scale ages were 
as much as 5 years lower than otolith ages for these older bluegills. 
 For the young bluegill population in Little Moreau Lake, we found little 
difference in age structures between the two aging methods (Figure 3).  For 
the older bluegill population in Lake Louise, age structures did differ between 
the two aging techniques (Figure 4).  Recruitment patterns appear more stable 
with the scales ages, but more erratic with the presumably more accurate otolith 
ages.
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Figure 1. Comparison between ages assigned to bluegill scales and otoliths for fish col-
lected from Little Moreau Lake, South Dakota, June 2004. Numbers above each age 
represent the number of fish per otolith age group, and the correlation coefficient (r) is 
for linear relationship depicted by the solid line.

Figure 2. Comparison between ages assigned to bluegill scales and otoliths for fish col-
lected from Lake Louise, South Dakota, June 2004. Numbers above each age represent 
the number of fish per otolith age group, and the correlation coefficient (r) is for the 
curvilinear relation depicted by the solid line.
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 Thus, scales provided age assignments similar to those from sagittal otoliths 
over the first 5 years of bluegill lifespan in our two study populations.   If we ac-
cept the premise that otoliths provide more accurate (Hales and Belk 1992) and 
more precise (Hoxmeier et al. 2001) age estimates than scales, then ages assigned 
to scales were consistently underestimated for older bluegills during our study.  
Thus, our results corroborate the recommendation by Hales and Belk (1992) 
that whole otoliths only be used for bluegill aging through age 4 (their study) 
or 5 (our study), with cracked otoliths being used for older fish.  When accurate 
age-structure assessment or mortality rate determination is required, we recom-
mend that South Dakota bluegill populations be aged with sagittal otoliths.

Figure 3. Bluegill age structures based on scales (top) and otoliths (bottom) for fish col-
lected from Little Moreau Lake, South Dakota, June 2004.
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ABSTRACT

 Over 70 years of monthly precipitation data, from 40 cooperative observer 
stations in South Dakota were analyzed to determine evidence of any long-term 
historical trend.  Stations were selected by the length of period of record of data 
for each station.  The selected stations have data extending to at least 1931 with 
some to 1893. While most stations selected have relatively complete data sets, 
some stations have missing data.  R-squared values were determined from this 
regression (as the square of the correlation coefficient, it describes the variability 
in precipitation that can be explained by passage of time alone) for each station.  
Monthly regression data were also calculated for each climate division to identify 
any monthly precipitation trends for climate divisions.
 For the annual trends all R-squared values in this analysis were less then 0.2 
with only three station’s R-squared value greater than 0.1.  Lead was the station 
that had the highest annual trend, with an R-squared value of 0.17748.  Posi-
tive sloping regression trends were evident in 75% of the stations, with negative 
trends for the remaining 25%. The highest positive annual trend was 0.04” of 
rainfall per year.   In the monthly analysis, June and December were the only 
months with negative regression trends for most stations.  Regression trends were 
positive during the other 10 months of the year for most stations.  The relatively 
low R-squared values for all regressions indicate that a time-dependent trend in 
monthly and annual precipitation is not strongly evident in this data.  But in-
creases in precipitation are a general signal across the state over the last century.  
December precipitation decrease can possibly be attributed to undercatch issues 
associated with snowfall.  The June decrease in precipitation is interesting and 
deserving of more scrutiny as it is the wettest month climatologically for the 
eastern part of the state.  Changes in the timing of precipitation across the state 
could have agricultural, hydrological and subsequent economic impacts.
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INTRODUCTION

 Cooperative observer stations have collected daily high and low tempera-
tures and precipitation across the state for over 100 years providing the state with 
several locations of long term observations of the climate and changes during the 
20th Century.  Despite some problems with the data, these stations give us the 
best long term view of climate of the state since settlement.
 Despite recent drought conditions (ref ), long term trends in precipitation 
indicate upward trends over the whole state.  These are consistent with other 
studies across the Upper Midwest and the United States overall, indicating over-
all increasing precipitation over the area (Groisman et al. 2004).  Much of the 
recent work has been devoted to examining extremes in precipitation (Kunkel et 
al., 1999) and diurnal changes in precipitation (Dai et al. 1999).  What has not 
been well reported is what changes in the annual cycle may driving this increase.  
The warm season (April-September) gives the most precipitation by far over the 
state (~75%).  But are increases confined to the warm season, cold season, or 
year-round.  Is any part of the annual cycle driving the precipitation changes?
 Agricultural production is large part of the economy of South Dakota.  Crop 
types and management decisions are used to make best use of temperature and 
precipitation combinations in the state.  Changes in agriculture have occurred 
in the last 15 years in response to some precipitation changes.  Change in the 
timing and amount of precipitation, especially in combination with temperature 
changes, can change which crops are grown, how they are grown or when they 
are planted and mature.
 The goal of this study was then to determine similarities or differences in the 
slope of trend lines in monthly precipitation for different months across regions 
in the state.   

DATA

 Monthly precipitation totals exist for over 150 locations in the state.  The 
stations have periods of record of data varying from just a few years to over 100 
years.  Obviously, comparing a 10 year trend to a 100 year trend would not be 
appropriate.  To be relatively consistent in time period, we used monthly total 
precipitation for cooperative observer stations across the state where data exist 
for at least 50 years.  While the longest period of record would be provide the 
best trend, few stations have records of longer than 50 years.  The Cooperative 
observer program added a large number of stations around 1950.  Another jump 
in the data records exists starting in 1930.  There has actually been a downward 
trend in the number of stations since the peak of the 1950s.
 Stations also varied in the quality of their observations.  Because these are 
human observers, many errors occur due to vacations, recording error and other 
situations.  Typical problems with station histories are missing data.  If a month 
had less than 20 days, it was coded as missing and eliminated from the monthly 
trend analysis to reduce the chance of an under-reported monthly precipitation 
value.  Because we could not ascertain precipitation amounts for the miss-
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ing days, the month was just eliminated from the analysis.  Another problem 
was station moves, where the station was moved from one location to another 
for changes in observer and other reasons.  Location changes lead to exposure 
changes for the gauge, which could affect the precipitation totals.  We decided to 
ignore moves to have the largest database of stations from which to choose if the 
station maintained the same name.  The lack of name change usually indicated 
a minor station move of a few miles or less.
 After limiting the data based on the above criteria, 40 stations across the 
state were determined to have sufficient data to be used in the study.  These sta-
tions were concentrated in two districts, the north central and southeast.  The 
Black Hills contained only two stations (Lead and Hot Springs) sufficient for the 
study.

METHOD

 The goal was to determine differences in monthly precipitation trends for 
each station in each month and between each station.  Data for each station were 
downloaded from the National Climatic Data Center and sorted by month for 
each station.  A linear regression was calculated for each station and month over 
the complete record of the station.  For example, a trend for July precipitation 
in Brookings was calculated for the complete history of the station.  For each 
station this provided a trend line with a specific slope for each month indicating 
the regression calculated change in precipitation over time.  The slopes of these 
trend lines were compared between months at each station to determine the 
relative contribution of each month to the changes at each station.  They were 
also compared among stations for each month to compare trends of precipitation 
across districts and across the state.

RESULTS

 Several interesting features appeared in the monthly trends across the state 
for different months within each station and across stations.  The general trend 
for most months for most stations was for a positive precipitation trend for 
nearly all months.   This varied somewhat by station and time of year.  The larg-
est magnitude trend overall was in October, where some stations had a trend 
increase of precipitation of over 0.03” per year.  The southeast district is typical 
of the trend over the whole state throughout the year (Fig. 1).   All stations had 
a positive trend for October (Fig. 2).  .
 April, May and July were other months that had consistently positive trends 
across the state.  Magnitudes were slightly lower and some stations had small 
negative trends during these months.  The magnitudes of the negative anomalies 
tended to be rather small.  Of the warm season precipitation (April-October) 
nearly all months at all stations had positive slopes of their regression trend.  
Two monthly exceptions stand out.  June precipitation had a consistently nega-
tive trend across the state (Fig. 3).  Nearly 75% of the stations had a negative 
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precipitation trend during this month.  This is interesting in its contrast to sur-
rounding months and its consistency across the state.  Generally, warm-season 
months showed a positive trend across nearly the whole state.
 Winter precipitation typically provided a mixed result with a very small 
magnitude of the slope.   Winter precipitation in South Dakota is much smaller 
than summer precipitation except for the northern areas of the Black Hills.  We 
have only one station in this location for comparison.  Thus, the magnitude of 
the slope will likely be smaller than seen in the warm season values.  The second 
reason for mixed results in the winter is the concern with undercatch of winter 
precipitation (Groisman and Legates, 1994 and Yang et al. 1998).  Snow in 
South Dakota is often accompanied by high winds, making catching of the snow 
very difficult.  Undercatch will then lead to misrepresentation of the cold season 

Figure 1. Slopes of regression line for six stations in the southeast district of South Da-
kota (District 9). Notice that the trends are consistent in sign for nearly all warm season 
months.

Figure 2. Slope of regression trend for October for the 40 stations included in the study. 
Numbers in parentheses indicate climate district.
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precipitation.  Because these trends are based on the raw data without attempting 
to account for such errors, the winter trends are basically ignored.

DISCUSSION

 The negative trend in June precipitation seems to be least in the southwest-
ern to central part of the state.  The area east of the Black Hills to Pierre and 
into part of the east central part of the state does not indicate the negative pre-
cipitation trend.  This negative trend in June is in stark contrast to the rest of the 
warm season.  A decreasing trend indicates a reduction over time.  Obviously, 
less precipitation is occurring in June except for the swath listed previously.  We 
cannot determine a physical reason for this at this time.  This trend bears further 
study.  Because June is the wettest month over most of the eastern part of the 
state, a reduction in June precipitation is not serious agriculturally.  Reduced 
precipitation in June is likely a benefit to small grains production in limiting the 
disease occurrence. 
 The increased precipitation during the wet season is significant agriculturally 
because of the additional precipitation available to grow crops.  Typically South 
Dakota crop production is limited by rainfall, especially late in the season.  The 
additional precipitation has allowed changes in the cropping system over the 
state by supporting the wider production of two crops, corn (Zea maize) and 
soybeans (Glycine max), in areas that could usually only support small grain pro-
duction.  While the yield values of these crops are not as large as the main areas 
of the corn belt, the yields are large enough to make them economically viable 
even in marginal precipitation areas of the state.  
 The additional precipitation has been a large factor in the increased spatial 
extent of water and wetland areas in the eastern part of the state (Johnson et 
al. 2000).  Recent inundation accompanied by lower summer evaporation has 
greatly expanded the area of many lakes in the closed basin areas of the northeast 
as well as expanding the size and number of wetland areas.  

Figure 3. Slope of regression trend for June for the 40 stations included in the study. 
Numbers in parentheses indicate climate district.
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 Precipitation has a cyclical nature over time.  Thus, a linear trend may not 
necessarily the most accurate in depicting changes in precipitation changes over 
time (Fig. 4).  The Aberdeen October precipitation trend indicates the inter-an-
nual variability.  The trend toward increasing precipitation during October is 
quite obvious.  But the cyclical nature is not regular among stations or among 
years.  Thus, there is not an accepted option for precipitation change over time.  
The R2 values from the regression analysis typically were less than 0.1.  Thus, less 
than 10% of the precipitation variability was explained by the regression model.  
This is typical of precipitation and its variable nature.  Other regression methods 
should be tried to better explain the variability.  But the main goal was to deter-
mine overall trends over time and to determine consistency of trends across the 
state.  A linear model is acceptable in this situation.   A more rigorous statistical 
approach should follow this initial study to determine the significance of the 
slopes and significant differences between months and stations.
 Further work on understanding the June difference from the rest of the 
warm season should also occur.  Relating the changes over time to specific times 
as compared to using the whole period of record for a slope calculation would 
also be beneficial.

Figure 4. October precipitation for the Aberdeen station over the whole period of re-
cord. Regression line is indicated.
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ABSTRACT

 With the established link of protein misfolding in such diseases as Alzheim-
er’s disease, Mad cow disease, Creutzfeldt-Jakob disease, cystic fibrosis, and 
several forms of cancer (Thomasson, N.D.), protein folding research has recently 
moved to the forefront in the areas of biology and chemistry.  This experiment 
addressed the issue of protein folding using Matrix Assisted Laser Desorption 
Ionization Time-of-Flight (MALDI-TOF) Mass Spectrometry (MS) to monitor 
hydrogen/deuterium (H/D) exchange.  Methods to investigate binding sites of 
protein folding as well as thermodynamic properties of protein unfolding were 
created for both chemically and thermally denatured proteins.  The protein 
Myoglobin from horse heart was unfolded by varying amounts of the chemical 
denaturant guanidine hydrochloride (GuHCl), ranging in concentration from 0 
to 6.0M, as well as by varying the temperature, ranging from 27 to 90 degrees 
Celsius.  Mass spectrometry was then used to monitor the molecular weight shift 
of the protein, with a standard protein, Cytochrome C, used for calibration pur-
poses.  The findings for both methods showed proper unfolding of the protein, 
following the two state thermodynamic model for protein unfolding.  Although 
more investigation needs to be performed to increase the precision and accuracy 
of each protocol, solid groundwork is established and presumed to be useful as 
another tool for uncovering the mysteries behind protein folding and its related 
diseases.
 

INTRODUCTION

 Proteins are essential for all living organisms (McKee & McKee, 2003).  
In fact, they have the most diverse functions of all the classes of molecules en-
countered in living systems (McKee & McKee, 2003).  A few examples of these 
numerous functions include catalysis of biological reactions (enzymes), serving as 
defense mechanisms (immunoproteins), providing structure and support, aiding 
movement, and regulating the binding of hormones and growth factors (Lodish 
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et al., 2004; McKee & McKee, 2003; Weaver & Hedrick, 1997).  The function 
of a protein is highly dependent upon the structure (McKee & McKee, 2003; 
Lodish et al., 2004); in fact, the two are inextricably entwined.  To truly under-
stand the functions of proteins, and by extension the complexities of biological 
systems, one must have a battery of methods to characterize protein structure 
under various conditions.
 Proteins are actually composed of twenty different amino acids (Lodish et 
al., 2004; McKee & McKee, 2003; Rupp, 2000; Weaver & Hedrick, 1997).  
These amino acids are linked together by peptide bonds to create an overall linear 
structure known as the primary structure (Lodish et al., 2004; McKee & McKee, 
2003; Rupp, 2000; Weaver & Hedrick, 1997).  Figure 1 shown below depicts 
how a peptide bond is created between two amino acids (Rupp, 2000).

 This chain of amino acids then interacts with nearby regions of itself to cause 
local folding of the protein and the creation of several repeating arrangements 
or patterns (Lodish et al., 2004; McKee & McKee, 2003; Rupp, 2000; Weaver 
& Hedrick, 1997).  This level of folding is known as the secondary structure of 
the protein (Lodish et al., 2004; McKee & McKee, 2003; Rupp, 2000; Weaver 
& Hedrick, 1997).  The secondary structure of the protein then folds again and 
creates what is known as the tertiary structure or overall three-dimensional shape 
(Lodish et al., 2004; McKee & McKee, 2003; Rupp, 2000; Weaver & Hedrick, 
1997; McClure, 2004), which is shown below in Figure 2 (McClure, 2004).  
This unique shape is what allows the protein to carry out its specific function in 
the biological system (Lodish et al., 2004; McKee & McKee, 2003).

Figure 1. Primary structure of a protein (Rupp, 2000). The circled portion indicates 
where a peptide bond forms to link two amino acids.

Figure 2. Three-dimensional structure of a protein, depicting the numerous folding pat-
terns that occur and condense the structure from a linear chain to a globular structure 
(McClure, 2004).



Proceedings of the South Dakota Academy of Science, Vol. 84 (2005) 197

 Since the function of proteins is so highly dependent upon their structure, 
misfolding can lead to many diseases and pathologies. It is speculated to be the 
cause of some neurodegenerative diseases such as Huntington’s disease (Rupp, 
2000).  In addition, protein misfoldings have been linked to Alzheimer’s disease, 
Mad cow disease, Creutzfeldt-Jakob disease, scrapie, cystic fibrosis, several dif-
ferent types of cancer, and an inherited form of emphysema (Thomasson, N.D.).  
Thus, understanding the folding mechanism of proteins as well as specific bind-
ing sites is of utmost importance in treating these disorders.
     Fortunately, there is a relatively simple method for investigating protein 
folding known as hydrogen/deuterium (H/D) exchange.  In H/D exchange, 
some sites of hydrogen from the protein exchange with molecules of deuterium 
when incubation occurs in deuterium oxide, D2O (HXMS.COM, 2001).  This 
exchange causes a subsequent shift in mass, which can then be used to determine 
the number of sites of exchange, since each deuterium added to the protein in-
creases the overall mass of the protein by one mass unit (HXMS.COM, 2001), 
which is measured in Daltons, with one Dalton equal to one mass unit (Lodish 
et al., 2004).   
 Specifically, the backbone amide hydrogens are the ones that undergo this 
H/D exchange (Engen & Smith, 2001; HXMS.COM, 2001; Sivaraman & Rob-
ertson, 2001).  An example of where these hydrogen atoms are located in relation 
to the rest of the protein is shown below in Figure 3 (Rupp, 2000).  

 These amide hydrogens are easy to monitor because each amino acid, except 
for proline, has one amide hydrogen (HXMS.COM, 2001).  They are also use-
ful to investigate because these sites are highly involved in protein folding and 
forming the overall folded protein structure (HXMS.COM, 2001; Sivaraman & 
Robertson, 2001).
 For these reasons, H/D exchange has become a widely used technique for 
recent research in the field of protein investigation.  It has been used to investi-
gate protein structure (Raza, Dharmasiri, & Smith, 2000; Tobler & Fernandez, 
2002), identify areas of ligand-binding (Zhu, Rempel, & Gross, 2004), deter-
mine conformational changes in protein structure (Figueroa & Russell, 1999), 
investigate protein dynamics in solution (Deng, Zhang, & Smith, 1999), and 

Figure 3. Primary structure of a protein, with the arrow indicating an amide hydrogen 
(Rupp, 2000).
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identify various rates of exchange and unfolding (Mandell, Falick, & Komives, 
1998; Deng & Smith, 1999).  Although several different techniques can be used 
with H/D exchange, mass spectrometry (MS) is one of the most popular choices 
of today (Deng & Smith, 1999; Deng, Zhang, & Smith, 1999; Figueroa & Rus-
sell, 1999; Mandell, Falick, & Komives, 1998; Tobler & Fernandez, 2002; Zhu, 
Rempel, & Gross, 2004). 
 Mass spectrometry is a method used to measure the mass of a molecule, or 
in this case a protein, by ionizing the sample into the gas phase and separating 
the created ions by their mass to charge ratios, m/z (Mass spectrometry, 2004).  
The mass spectrometer uses an ion source to convert the solid molecules to the 
gas phase and excite them to their ionic forms (Mass spectrometry, 2004).  The 
mass spectrometer then separates these formed ions by means of a mass analyzer 
into their m/z ratios and finally utilizes an electron multiplier to detect these 
ions (Mass spectrometry, 2004).  This information is then recorded onto a mass 
spectrum, displaying the intensity of the various ions versus their mass to charge 
ratios (Mass spectrometry, 2004).  
 There are various types of mass spectrometers, but one of the most useful 
with H/D exchange in protein analysis is the Matrix Assisted Laser Desorption 
Ionization Time-of-Flight Mass Spectrometer, commonly referred to as the 
MALDI-TOF MS.  It is oftentimes preferred because of its ability to analyze 
extremely large molecules that may have a molecular mass in excess of 200,000 
Daltons (Young, N.D.), thus allowing for a wide range of proteins to be utilized 
and investigated.  Figure 5 below shows the typical set-up and components of a 
MALDI-TOF MS (Young, N.D.).   

 Like the name indicates, this technique incorporates the basic ideas of mass 
spectrometry, but adds a matrix to the sample in order to prevent degradation 
with the ionization process (Young, N.D.).  The matrix/sample solution is 
spotted onto a steel plate and placed into the ion source where it is under high 
vacuum (Mass spectrometry, 2004).  The ionization process then occurs by fir-
ing a pulsed nitrogen laser at 337 nm onto the sample, causing an absorbance of 
energy, which is later transferred to heat, causing the molecules to move into the 
gas phase and leave the plate (Mass spectrometry, 2004; Young, N.D.).  This is 
displayed in Figure 6 shown below (Young, N.D.).   

Figure 5. Schematic of a typical MALDI-TOF mass spectrometer (Young, N.D.).
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 The ions formed then travel down a field-free flight tube, known as the drift 
tube or TOF tube (Mass spectrometry, 2004; Young, N.D.).  All the ions have 
the same translational kinetic energy, due to receiving the same potential energy 
(Mass spectrometry, 2004; Young, N.D.).  Thus, the differences in velocity as 
these ions travel to the detector can be used to determine the mass, since the time 
of flight is proportional to (m/z)1/2 (Mass spectrometry, 2004; Young, N.D.).  
This is based on the equation K.E.=1/2mv2, where K.E. is the kinetic energy, m 
is the mass of the ion and v is the velocity of the ion (Mass spectrometry, 2004; 
Lennon, 1997).  The ions are then separated based on mass to charge (m/z) 
ratios (Mass spectrometry, 2004; Young, N.D.).  A graphic of this procedure is 
provided in Figure 7 (Young, N.D.).

 This technique of MALDI-TOF MS combined with the procedure of H/D 
exchange is providing an ever-expanding field of knowledge.  Dr. Michael C. 
Fitzgerald of Duke University is one of the primary investigators in this pro-
cedure.  He and his colleagues have published numerous articles dealing with 
method development and protein investigation in this area. Specifically, he and 
his colleagues have created a method known as SUPREX (Stability of Unpurified 

Figure 6. Schematic of the sample ionization process (Young, N.D.).

Figure 7. Conversion from the time of flight to the mass spectrum (Young, N.D.).
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Proteins from Rates of H/D Exchange) which allows for picomole quantities of 
proteins to be studied, unpurified protein samples to be utilized, and many read-
ings to be obtained by means of automation and fast analysis (Ghaemmaghami, 
Fitzgerald, & Oas, 2000).  This technique has been used to investigate thermo-
dynamic properties and stability of various proteins (Powell & Fitzgerald, 2003; 
Powell, Wales, & Fitzgerald, 2002; Powell et al., 2003) as well as to investigate 
protein-ligand binding interactions (Powell et al., 2002).  Furthermore, investi-
gations have been performed to modify and improve this protocol, including ef-
forts to increasingly minimize the concentration of protein necessary to perform 
the reaction (Powell & Fitzgerald, 2001).
 The procedures from this SUPREX method (Powell & Fitzgerald, 2001) 
were used as guidelines for protocol development in this experiment.  Previous 
studies performed at Marshall University were also used (Adams, 2004; Har-
ris & Kingery, 2003).  The purpose of this study was to determine methods to 
investigate binding sites of protein folding as well as thermodynamic properties 
of protein unfolding for the MALDI-TOF MS using H/D exchange.  In these 
procedures, unfolding was done with the addition of a chemical denaturant, 
guanidine hydrochloride (GuHCl), as well as by heating.  Both of these meth-
ods are proven effective at denaturing proteins (McKee & McKee, 2003).  With 
protein denaturation, H/D exchange would lead the unfolded protein to a larger 
mass shift as more amide sites have access to the D2O solvent and can undergo 
exchange.  A schematic representation of this is outlined below in Figure 4. 

Figure 4. Schematic of the unfolding (thermally or chemically induced) of proteins and 
noting the subsequent mass shift that occurs as more amide sites become accessible to 
the solvent and undergo H/D exchange.
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MATERIALS

 The various peptides and proteins used, including Insulin from Bovine 
Pancreas, Ubiquitin from Bovine Red Blood Cells, Cytochrome C from Bovine 
Heart, and Myoglobin from Equine Heart were purchased from the Sigma 
Chemical Company (St. Louis, Missouri).  The chemical denaturant guanidine 
hydrochloride (GuHCl) was also purchased from the Sigma Chemical Com-
pany (St. Louis, Missouri).  99.9% deuterium oxide (D2O), trifluoroacetic acid 
(TFA), methanol, acetone, sodium phosphate, and ammonium bicarbonate were 
all purchased from the Aldrich Chemical Company (Milwaukee, Wisconsin).  
Acetonitrile was purchased from Akros.  Nanopure water (H2O) was obtained 
from a purifier in the laboratory.  Sinapinic acid (SA) used in the MALDI matrix 
was purchased from Bruker Daltonics.  The Bruker Company was also the sup-
plier of the Bruker BiflexTM III MALDI-TOF instrument, which was operated to 
obtain and analyze data from the reactions.  0.5mL and 1.5mL flip-top plastic 
sample tubes, a Micro7TM Centrifuge, and a Genie 2TM Vortex were purchased 
from Fisher and utilized throughout experimentation.  Finally, various sizes of 
automatic pipetters were purchased from BioRad to perform volumetric trans-
fers.  

Methods

 There were three distinct methods identified and utilized in this experiment.  
The first was an initial method focused on determining the correct spotting 
technique and incubation period necessary to obtain consistent mass readings 
of various peptides and proteins with the Bruker BiflexTM III MALDI-TOF.  
The second method utilized the findings from the first method and focused on 
examining chemically induced protein unfolding by means of the chemical de-
naturant guanidine hydrochloride (GuHCl).  Finally, the third method explored 
thermally induced protein unfolding and also utilized the information obtained 
from the initial method.  These methods are listed in further detail below in sec-
tions A through C.  

Experimental A: H/D Exchange with Folded Proteins

 An approximately 200 µM protein solution of Insulin and Ubiquitin was 
prepared, with nanopure water serving as the solvent.  The solution was thor-
oughly mixed by using the Genie 2TM Vortex.  A total of 1mL of the protein 
solution was created and placed in a 1.5mL tube.  It was then divided into 100µL 
increments in 10, 0.5mL flip-top sample tubes.  These vials were placed in a 
freezer when not being used to ensure that the samples remained viable and in 
excellent condition for analysis.  
 The MALDI matrix solution was also made prior to the reaction.  First, 
a 0.5% trifluoroacetic acid solution was created by mixing trifluoroacetic acid 
(TFA) and nanopure water (H2O) in a 10mL plastic vile.  Mixing of the solu-
tion was done by placing the tube on the vortex for several seconds.  Following 
this, 333µL of this solution was combined with 666µL of acetonitrile in a 1.5mL 
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tube using appropriate micropippeters.  Approximately 5mg of sinapinic acid 
(SA) was then added to this solution and vortexed to fully dissolve the SA and 
thoroughly mix the solution.  The final pH of this solution was very acidic, being 
around 2.5.
 For the experiment, 1µL of the protein solution was removed from a sample 
vial and placed in a 0.5mL flip-top tube.  This was continued several times, de-
pending upon the number of incubation periods that were investigated.  Then, 
100µL of solvent was added to each tube.  One tube received nanopure water 
(H2O) and was used as the mass standard in the experiment.  All other tubes 
were given 100µL of the 99.9% deuterium oxide (D2O) to allow for the H/D 
exchange.  
 Special care was taken when using the D2O to prevent exchange with hy-
drogen from the atmosphere.  Lids and rims of the tubes and D2O bottle were 
sprayed with nitrogen gas and quickly closed.  The bottle of D2O was also stored 
under nitrogen in a dessicator to ensure that minimal exchange occurred between 
uses.  
 The exchange time for each protein sample containing D2O solvent was then 
monitored.  Each vial was given a different duration of time for D2O incubation, 
ranging from 0.1 minutes, or as little time as possible, to 60 minutes.  Follow-
ing this span of time, each reaction was quenched in a small amount of ice cold, 
acidic MALDI matrix solution.  The matrix solution was kept at this low tem-
perature by placing the tubes in an ice bath.  The protein sample in H2O solvent 
was also quenched in this matrix solution.  
 In the case of the one layer spotting method, quenching was done by plac-
ing 1µL of the protein solution/solvent mixture into 9µL of the ice cold matrix 
solution, which was placed in a 0.5mL plastic tube.  The solution was then mixed 
by swirling with the pipet tip (Price, 2002).  Following this, 1uL of the protein/
matrix solution was pippetted and spotted onto the MALDI-TOF plate.
 In using the two layer spotting method, a base layer was first established.  Ac-
cording to findings by Dai, Whittal, & Li (1999), a mixture of 600µL methanol, 
400µL acetone and 6mg SA was the established protocol.  0.3µL of this mixture 
was first placed on each spot of the MALDI-TOF plate needed for sample analy-
sis.  This layer quickly evaporated due to being highly organic and created a fine 
layer of matrix crystals on the plate.  In addition, for quenching the reaction, 
10µL of each protein solution/solvent mixture was placed into 10µL of ice cold 
matrix located in a 0.5mL plastic vial and swirling was again performed with 
the pipet tip (Price, 2002).  0.5µL of each sample was then pippetted onto the 
established base layer of a spot on the MALDI-TOF plate.
 The plate was dried under vacuum to minimize the amount of back-exchange 
that might occur with water from the environment as well as to improve crystal 
growth (Mandell, Falick, & Komives, 1998).  The samples were then placed in 
the MALDI-TOF and analyzed by using the 66klin parameter of the instrument 
(Price, 2002).  The number of shots was adjusted to at least 500 (Price, 2002) 
and a minimum of 5 readings were obtained from each sample spot, spanning 
all different areas.  
 An average and standard deviation of the mass of both Insulin and Ubiq-
uitin were then obtained for each solvent and period of incubation in both the 
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one layer and two layer spotting methods.  The obtained average masses were 
graphically plotted versus the period of D2O incubation for each technique.  
These graphs were then interpreted to determine the length of time necessary for 
maximal H/D exchange, as well as the most accurate method of spotting.  The 
findings from investigating both Insulin and Ubiquitin were a five minute incu-
bation period in the D2O along with using the two layer method for spotting.  
These findings were used in the future experimental procedures B and C. 

Experimental B: H/D Exchange with a Chemically Denatured Protein

 For this protocol, a method published by Powell and Fitzgerald was used 
as a guide (2001). Approximately 10mL of a 20mM sodium phosphate buffer 
(Powell & Fitzgerald, 2001) in nanopure H2O was created as a stock solution.  
This was then used as the solvent in creating 1mL of a 1.5mM solution of Myo-
globin for the protein solution.  An approximately 7M guanidine hydrochloride 
(GuHCl) stock solution, in 50mM ammonium bicarbonate solution prepared 
with nanopure H2O, was created for the basic chemical denaturant.  This was 
then diluted with various amounts of the 20mM sodium phosphate buffer from 
before to give a range of 0 to 6.0M GuHCl, in 0.5M increments.  A 10µL sample 
of the protein solution was then added to a 90µL amount of each appropriately 
concentrated GuHCl solution/sodium phosphate buffer.  Each sample mixture 
was placed in a 0.5mL tube, mixed thoroughly by placing the tube on the vortex, 
adequately labeled for later identification, and allowed to incubate for a period 
of roughly 2 hours.
 A 20mM sodium phosphate buffer was also created using D2O.  100uL 
volumes of this solution were placed in separate 0.5mL tubes.  Care was again 
taken to minimize the amount of exchange with the air.  Following incubation, 
10µL of each protein/GuHCl/sodium phosphate buffer solution was added to a 
D2O tube.  These solutions were allowed to react for approximately 5 minutes, 
the length of time indicated to be ideal from the initial experimental method 
(Experimental A).
 Quenching was again performed by using the MALDI matrix solution, as 
in the initial method (Experimental A).  It was performed by placing 1µL of the 
reaction mixture with 19µL of the highly acidic, ice cold matrix.  However, slight 
alterations were made to the matrix.  The solution was saturated with sinapinic 
acid (SA) followed by centrifugation for 5 minutes at 14000 rpm, as directed by 
the Bruker Company in their MALDI-TOF matrix protocol.  Only the superna-
tant of the solution was used for the matrix solution, in order to eliminate excess 
SA in the sample.  Additionally, the matrix solution contained Cytochrome C 
for mapping purposes (Powell & Fitzgerald, 2001).  The concentration of this 
protein was approximately 0.75µM, being close in value to the final concentra-
tion of the Myoglobin.  This protein was necessary to accurately track the shift 
of Myoglobin’s unfolding by serving as a calibration point for analysis.  
 The same two layer method (Dai, Whittal, & Li,1999) that was used in the 
first procedure (Experimental A) was utilized, as were the same means of dry-
ing and MALDI-TOF analysis.  Cytochrome C was calibrated for each sample 
and helped to identify a more accurate Myoglobin mass reading for each.  Five 
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sample readings across each spot were recorded and averaged to obtain the mass 
reading for the subsequent GuHCl concentrations. 
 From these mass readings, the approximate concentration of GuHCl neces-
sary to unfold the protein was determined.  This was found to be a concentration 
of about 2.0M GuHCl.  This concentration was then further investigated by 
performing the same procedure with a range of 1.5 to 2.5M, in 0.1M incre-
ments.  The same methods of analysis were used and the average mass readings 
were obtained.  The mass readings for all trials were then converted to a fraction 
of unfolding.  In this case, the highest mass was considered to be the completely 
unfolded form and thus was assigned a value of one; the lowest mass reading 
was considered to be the completely folded protein and thus was given a value 
of zero.  All other readings fell somewhere within this range.  The fractions of 
unfolding were then plotted versus the concentration of GuHCl.

Experimental C: H/D Exchange with a Thermally Denatured Protein

 This protocol also utilized the published method by Powell and Fitzgerald 
(2001).  A 150µM protein solution of Myoglobin was created by using the 
20mM sodium phosphate buffer (Powell & Fitzgerald, 2001) in nanopure H2O 
from the chemical unfolding experiment (Experimental B).  2mL of this solution 
was prepared by mixing 2, 1mL aliquots in 2, 1.5mL flip-top tubes.  Each tube 
was well mixed using a vortex.  The solution was then divided into 8 different 
0.5mL flip-top tubes.  Smaller amounts (~ 100µL) of the protein solution were 
placed in the vials that would be exposed to lower temperatures, while larger 
volumes (~300µL) were placed in tubes which would undergo high amounts of 
heat.  This was performed to ensure that evaporation during the heating period 
would not eliminate the protein sample.
 Temperatures studied ranged from 30 to 90 degrees Celsius, in approxi-
mately 10 degree intervals.  A solution was also kept at room temperature, which 
for the trial was recorded at 27 degrees Celsius.  The ~ 100µL protein solutions 
were used for temperatures ranging from 27 to 50 degrees Celsius, and the 
~300µL protein solutions were used for the 60 to 90 degree range.  Heating to 
these specific temperatures was performed by numerous water baths, with the 
temperature for each sample being maintained for a period of 1 hour.
 Following the heating, 10µL of each protein solution was transferred from 
the heated vial and placed in 100µL of the 20mM sodium phosphate D2O buf-
fer.  This buffer was the same as that prepared from Experimental B.  Incubation 
in the buffer was then allowed for the 5 minute increment for each sample, as 
determined from the initial experimental results (Experimental A).
 Quenching of the reaction then occurred by placing 1µL of the mixture 
into 19µL of the highly acidic, ice cold matrix.  The matrix was prepared identi-
cal to the Experimental B procedure and the two layer spotting method (Dai, 
Whittal, & Li, 1999) was the same as well.  Analysis with the MALDI-TOF was 
performed as in the two other trials (Experimental A and B) and calibration of 
the Cytochrome C was again used to obtain accurate Myoglobin mass readings.  
 The optimal temperature for unfolding was determined by following the 
same data analysis steps as in the chemical denaturing process (Experimental 
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B).  The fraction of unfolding was graphed versus the temperature, which was 
converted from Celsius to Kelvin in order to simplify further calculations.   

EXPERIMENTAL RESULTS

 The charts below were created using Microsoft Excel and show the results 
from the H/D exchange with folded Insulin and Ubiquitin (Experimental A).  
Charts 1 and 3 represent the findings from performing the one layer spotting 
technique, whereas Charts 2 and 4 graphically represent data collected using the 
two layer spotting method.  All charts contain the calculated range of standard 
deviations observed from the various recorded mass readings.  These standard de-
viations were used to determine the best method of spotting, which was found to 
be the two layer method in both Insulin and Ubiquitin.  The graphs also revealed 
the length of time necessary for maximal H/D exchange, indicated by the earliest 
high point in the curve.  For all graphs, this was found to be approximately five 
minutes of incubation.  These results were used in further experimentation with 
the unfolding of proteins (Experimental B and C)

Chart 1. Results from D2O exchange with Insulin, using the one layer spotting method.  
The graph shows the averages of points taken from the MALDI-TOF plate, as well as the 
calculated range of standard deviations for these points.
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Chart 2. Results from D2O exchange with Ubiquitin, using the one layer spotting method.  
The graph shows the averages of points taken from the MALDI-TOF plate, as well as the 
calculated range of standard deviations for these points.

Chart 3. Results from D2O exchange with Insulin, using the two layer spotting method.  
The graph shows the averages of points taken from the MALDI-TOF plate, as well as the 
calculated range of standard deviations for these points.

Chart 4. Results from D2O exchange with Ubiquitin, using the two layer spotting method.  
The graph shows the averages of points taken from the MALDI-TOF plate, as well as the 
calculated range of standard deviations for these points.

Standard Deviations: 1.6-5.3
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 The results from H/D exchange with a chemically denatured protein, in this 
case Myoglobin, are shown below in Chart 5.  The mass readings of the Myoglo-
bin were converted to fractions unfolded to simplify interpretation of the chart 
as well as to manipulate the data for further calculations.  The graph was created 
by using IGOR Pro by WaveMetrics, Inc. and a least-squares fit using Genfit. 
The two state thermodynamic model for protein folding was used as the model.  
This model states that proteins can exist in only two forms, folded and unfolded 
(Pace, 1986 and Finn et al., 1992; as cited in Price, 1999).  A comparison was 
also made with results from similar studies that had been performed using the 
technique of Fluorescence Spectroscopy.  These investigations were done previ-
ously by students attending Marshall University and enrolled in Chemistry 307 
(Price, 1999).

 Following the established two state thermodynamic model, various equations 
listed below were utilized to determine the concentration of GuHCl necessary 
to unfold Myoglobin as well as the associated free energy of the unfolding reac-
tion.  Calculations were done for both methods of analysis, mass spectrometry 
and fluorescence spectroscopy, so comparisons could be made.  These findings 
are listed in Table 1.

Chart 5. Two state thermodynamic model for protein folding using the chemical de-
naturant GuHCl on the protein Myoglobin.  The squares indicate the data observed 
using mass spectrometry.  The asterisks show the typical results obtained from Marshall 
University students who perform a similar experiment with fluorescence spectroscopy in 
Chemistry 307 (Price, 1999).



208 Proceedings of the South Dakota Academy of Science, Vol. 84 (2005)

Table 1. The calculated Gibbs free energy for the unfolding of Myoglobin by means of 
the chemical denaturant GuHCl for each technique used.  This was calculated by using 
the standard Gibbs free energy equation: ΔG=-RTlnK.  In this case, R is the gas constant 
8.314 J/(mol*K), T is the room temperature of 293 Kelvin (K), and K is the equilibrium 
constant equal to the concentration of the native, folded protein [N] divided by the 
concentration of the unfolded protein [U] (Price, 1999).

Technique Cm(M) m (J L/mol2) ΔG (kJ/mol)

Fluorescence 1.424 21540 34.4
Mass Spectrometry 2.159 60210 130.0

 The results from H/D exchange with the thermally denatured protein Myo-
globin are shown on the following page in Chart 6.  The same analysis technique 
was applied as used in the chemical denaturing of Myoglobin found in the 
previous chart (Chart 5), with the temperature in Kelvin replacing the GuHCl 
concentration.  The IGOR Pro by WaveMetrics, Inc. and a least-squares fit us-
ing Genfit were again utilized to create the graph. The two state thermodynamic 
model for protein folding was once more used as the model (Pace, 1986 and Finn 
et al., 1992; as cited in Price, 1999).  The results of this procedure were com-
pared to a similar study of Myoglobin using the technique of Circular Dichroism 
(Hicks & Price, 2000).

Equation 1. Two state thermodynamic model equation derived by Dr. Price (Price, 1999) 
which was used to fit the data with only the two fit parameters, m and Cm.  m is a 
parameter related to the surface area of the protein that measures the rate of change 
of the free energy of denaturation with respect to the denaturant concentration.  Cm 
is the GuHCl concentration at the midpoint of the denaturation curve.  These are then 
used to find ΔG, the free energy of unfolding.

Equation 2. The free energy equation (Dautrevaux, Boulanger, Han, & Biserte, 1969; as 
cited in Price, 1999) which assumes that the denaturant gives rise to a linear perturba-
tion of the free energy that continues to zero denaturant concentration. ΔGºu is the free 
energy of unfolding; ΔGºH2O is the free energy of unfolding in the absence of denaturant; 
m is the parameter found in Equation 1; and C is the molar concentration of GuHCl.
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Equation 3 listed below was utilized to determine the melting temperature of 
Myoglobin as well as enthalpy of the reaction.  These values were then manipu-
lated to determine the entropy along with the Gibbs free energy of the unfolding.  
Calculations were performed for both methods of analysis, mass spectrometry 
and circular dichroism, allowing for comparisons to be made between the two 
techniques.  Table 2 contains the findings of these calculations.

Chart 6. Two state thermodynamic model for protein folding using the protein Myoglo-
bin which was thermally denatured.  The squares indicate the data observed using mass 
spectrometry.  The asterisks show results obtained from a previous study by Dr. Price 
using the method of Circular Dichroism (Hick & Price, 2000).

Equation 3. The equation used to fit the data with only the two fit parameters, ΔH and 
Tm (Hicks & Price, 2000). ΔH represents the enthalpy of the reaction, whereas the Tm 
is the melting temperature of Myoglobin.  As before, these parameters are used to find 
ΔG, the free energy of unfolding.
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Table 2. The calculated values for enthalpy of the reaction (ΔH ), melting temperature 
of Myoglobin (Tm), entropy of the unfolding process (ΔS), and the Gibbs free energy 
(ΔG) of the denaturing for each method used.  The ΔH and Tm were obtained from 
Equation 3 using the MathCad program.  These values were then used to find the ΔS, by 
taking ΔH and dividing by the Tm.  From this information, each ΔG could be obtained 
from the equation: ΔG= ΔH-TΔS.  In this case, T was used to represent the normal body 
temperature or approximately 309 K.

Tech-
nique

ΔH (kJ) Tm (K) Entropy (ΔS) kJ/K ΔG (kJ/mol)

CD 568.3 362.6 1.567 84.1
MS 689.6 350.6 1.967 81.8

DISCUSSION

 The first experiments performed with folded proteins, specifically Insulin 
and Ubiquitin, showed that H/D exchange did occur in the native, three-di-
mensional state for both.  Charts 1-4 all displayed an immediate increase in the 
protein’s mass as soon as the D2O solvent was applied.  The amount of exchange 
then continued to escalate with increased incubation in the D2O, reflected by 
the subsequent rise in mass values with time.  This pattern persisted until every 
amide hydrogen in the studied protein had been exchanged with deuterium.  
Following this, the mass of each protein stabilized and a plateau in readings 
was obtained for all lengthier incubation periods.  From these plotted curves, 
the length of time necessary for maximum H/D exchange in both Insulin and 
Ubiquitin was determined to be approximately five minutes.  A similar length 
of incubation had been identified in previous research performed at Marshall 
University (Adams, 2004), and further legitimated the validity of these findings.  
This period of incubation was then used for future investigations involving H/D 
exchange.
      Furthermore, this procedure minimized the variation in mass readings from 
the observed spectrums.  One layer and two layer spotting methods were per-
formed to determine which technique was capable of producing more consistent 
readings across the samples.  For both Insulin and Ubiquitin, the two layer spot-
ting method was found to minimize mass fluctuation.  Charts 2 and 4 respec-
tively, showed much smaller standard deviation values and ranges in comparison 
to the one layer spotting method seen in Charts 1 and 3.  Thus, this technique 
was used for all subsequent studies investigating protein unfolding, as it allowed 
for a more precise determination of the number of exchange sites in the given 
protein.
      For both methods of protein unfolding, thermally and chemically induced, 
the two state thermodynamic model was used as the focal point.  This model 
is based on the principle that proteins can only exist in two states, folded and 
unfolded (Pace, 1986 and Finn et al., 1992 as cited in Price, 1999).  Hence, 
according to this model, when a protein undergoes H/D exchange upon de-
naturation, the graph of the mass versus the amount of denaturant (GuHCl or 
temperature) produces a trend similar in shape to that of a titration curve (Price, 
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1999).  A sharp increase in mass occurs over a very small change in the means of 
denaturation.  However, for easier analysis and interpretation purposes, the mass 
readings of the protein, Myoglobin, were converted into the fractions unfolded 
and these were plotted versus the amount of denaturant.
      Chart 5 produced this titration-like curve for the unfolding of Myoglobin 
by means of the chemical denaturant GuHCl.  Thus, the established method of 
analysis utilizing mass spectrometry was successful, as it followed the protein un-
folding process of the two state thermodynamic model.  However, this method 
did produce some areas of concern.  In comparison with results obtained from 
Marshall University students using fluorescence spectroscopy (Price, 1999), no-
table differences were found between the two methods of analysis. 
 As shown in Table 1, the experimental results from using mass spectrometry 
found that unfolding occurred with an approximately 2.2M concentration of 
GuHCl, whereas fluorescence spectroscopy results indicated a concentration 
of around 1.4M (Price, 1999).  Therefore, although these concentration values 
were relatively close, there was still a great amount of variation present, especially 
when considering the concentrations of GuHCl were investigated at 0.1M in-
crements for both techniques (Price, 1999).  Likewise, the calculated Gibbs free 
energy displayed in this table showed a significant difference between CD and 
MS, producing 34.4 and 130.0 kJ/mol respectively.  The higher concentration of 
GuHCl determined by the MS study increased the energy by a factor of nearly 
four, in comparison to that obtained by means of Fluorescence. 
 The overall conclusion from these results was that the method did work as 
far as performing the H/D exchange on a chemically denatured protein.  How-
ever, more research needs to be done to precisely identify what is the exact con-
centration of GuHCl that unfolds Myoglobin and the related energy associated 
with this reaction.  From this information, further modifications can be made to 
the methodology in order to obtain more accurate measurements in future pro-
tein investigations.  With a few alterations, a simple, straight-forward protocol 
for investigating protein unfolding by means of chemical denaturant has been 
created.
 The results from the thermally denatured Myoglobin experiment showed 
similar findings to those obtained with the chemical denaturation.  The devel-
oped methodology for mass spectrometry produced a titration curve shape, as 
shown in Chart 6, indicating that the H/D exchange with unfolding had oc-
curred and followed the expected pattern of the two state thermodynamic model.  
Nevertheless, when comparison was made with another study of thermal dena-
turation performed by the method of circular dichroism (Hicks & Price, 2000), 
discrepancies were again present. 
 As shown in Table 2, the two studies were slightly different as far as the 
determined melting temperature of Myoglobin.  The study performed with CD 
found a melting temperature that was about twelve degrees Kelvin higher than 
the one observed using MS.  Furthermore, a comparison of the energies associ-
ated with the unfolding reaction, also located in this table, indicated some varia-
tion.  The CD data produced a higher enthalpy than that found by using MS, 
1.967 and 1.567 kJ/K respectively.  However, this was counterbalanced by the 
entropy, which had the opposite trend, being higher in MS and lower in CD, 
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at 689.6 and 568.3 kJ.  Subsequently, this made the overall free energy of the 
two techniques about the same, with CD being 84.1 kJ/mol and MS finding the 
value to be 81.8 kJ/mol.  
 Once more, the created methodology was proven successful, but not com-
plete.  Further investigations need to be done on this reaction with MS, in an 
attempt to obtain a more accurate melting temperature closer to that determined 
by the published CD investigation (Hicks & Price, 2000).  Heating the protein 
solution to higher temperatures must be performed in future procedures to 
obtain the best curve and line of fit for the unfolding reaction.  However, the 
framework is firmly established for a highly effective, relatively simple method of 
analyzing thermally unfolded proteins.
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XENACANTH SHARK TEETH FROM
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ABSTRACT

 Xenacanth sharks from the Wichita and Clear Fork Groups in north-central 
Texas are represented by 51,400 isolated teeth, obtained by bulk-sampling sedi-
ments at 65 localities, of Orthacanthus texensis (50% of total), O. platypternus 
(12%), Barbclabornia luedersensis (38%), and Xenacanthus slaughteri (0.01%) in 
Early Permian (late Sakmarian-Artinskian) strata spanning some 5 million years 
(285-280 Ma). Discounting deformed teeth (0.06%), which could usually be 
identified to species, there remain much more common underdeveloped teeth 
(1-2%?) and unusual teeth that are rare (<<0.1%). Teeth not fully developed, 
and presumably still within the dental groove when a shark died, lack the outer 
hypermineralized pallial dentine on the cusps, which display open pulp cavities; 
tooth bases possess a poorly developed apical button. Most could be assigned to 
the species of Orthacanthus, the remainder to B. luedersensis. Based on histologi-
cal development in modern shark teeth, in which the base is last to develop, it 
would seem the reverse occurred in xenacanth teeth, but this conclusion is uncer-
tain. Unusual teeth were most closely affiliated with Orthacanthus, but they pos-
sess characters normally not associated with that genus, exceeding the presumed 
limits of variation that might be accepted for its heterodont dentition. Examples 
include teeth with cristated cusps, in which the distribution of cristae is highly 
asymmetrical; possession of a single cusp or of three equally developed principal 
cusps (two are normal in xenacanth teeth); and one tooth with a primary inter-
mediate cusp that may have been larger than the principal cusps. B. luedersensis, 
which possessed a largely homodont dentition, is not represented by any of these 
“extreme variants.”

Keywords

Xenacanthida, Chondrichthyes, Lower Permian, Texas

INTRODUCTION

 Vertebrate microfossils representing the remains of Early Permian fishes and 
tetrapods obtained by bulk-sampling techniques (Johnson et al. 1994) of some 
50 localities from the Wichita Group (Johnson 1979) and 15 localities from the 
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overlying Clear Fork Group (Murry and Johnson 1987) in north-central Texas 
include various species of predominantly freshwater sharks. The sampled por-
tion of the Wichita Group represents successively the upper Nocona Formation, 
upper Petrolia Formation, and all of the Waggoner Ranch Formation (including 
the Lueders Formation of the Albany Group, for present discussion; Johnson 
1999:table 1, 2003:table 1). The Clear Fork Group is not formally divided 
(Johnson 1999:230). The ages of these strata are Sakmarian (Nocona Forma-
tion) and Artinskian (Johnson 1992, 2003), representing an estimated range of 
five million years, from 285 Ma to 280 Ma, based on Menning et al. (2002). 
The dominant group of sharks represented in these faunas were the xenacanths 
(Order Xenacanthida, Class Chondrichthyes). A total of 51,400 isolated teeth 
represent Orthacanthus texensis (50% of total), O. platypternus (12%), Barb-
clabornia luedersensis (38%), and Xenacanthus slaughteri (0.01%). All occur in the 
Wichita Group; in the Clear Fork Group, only O. platypternus is present, except 
Barbclabornia persisted only into the lowermost part as B. cf. luedersensis. The 
teeth of all of these species were described by Johnson (1999, 2003).
 Xenacanth teeth bear a pair of principal conical cusps on the labial side of an 
enlarged base (Fig. 1). The cusps may be compressed, are smooth or variably bear 
cristae, carinae, or both. A variable number of smaller intermediate cusps may 
be present except in Barbclabornia. The base possesses a lingual apical (coronal) 
button on the oral surface and a labial basal tubercle on the aboral surface, which 
was in contact with the apical button in the next successive replacement tooth 
within a file, as in modern sharks.
 The second-most common sharks, the hybodonts, were described by Johnson 
(1981), and the remaining much less common taxa (Johnson 1981:fig. 3) have 
not been described. About 0.06 percent of the xenacanth teeth were determined 
to be deformed (Johnson 1987). The purpose of this report is to document the 
occurrence of presumably underdeveloped and unusual xenacanth teeth.
 All of the teeth described here are reposited in the Waggoner Ranch Collec-
tion, Shuler Museum of Paleontology at Southern Methodist University (SMU) 
in Dallas, Texas. The faunas and localities mentioned in this paper are listed in 
Johnson (1999:table 1, 2003:table 1).

Underdeveloped Xenacanth Teeth

 Except for Xenacanthus slaughteri, all of the xenacanth species from the 
sampled Lower Permian show evidence of underdeveloped or “immature” teeth 
(Johnson 1979:216-217, 1999:232). They occur throughout the sampled strati-
graphic section, but were not segregated from collections of normal teeth except 
those illustrated here (Fig. 2). They are relatively more common in Orthacanthus 
than Barbclabornia.
 The apical button is often poorly developed, and the cusps lack cristae or 
carinae (and therefore serrations; Figs. 1, 2). The principal cusps are poorly de-
veloped, often exhibiting an opening to the pulp cavity at their tips (Fig. 2B, C, 
F). If an intermediate cusp is supposed to be present, it is even less developed. In 
Barbclabornia luedersensis teeth, which lack an intermediate cusp, a broad saddle 
is formed by the medial margins of the principal cusps (Fig. 2D).
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DISCUSSION

 Johnson (1979) initially thought these fossils may be merely functionless 
teeth that occurred at the commissural end of the jaws. However, this condition 
occurs in both the lateral and medial teeth of Orthacanthus (Johnson 1999), 
which strongly suggests that they represent replacement teeth (Zidek et al. 2003:
fig. 3). If this is the case, then their morphology suggests a rather intriguing 
problem. It is well known (Romer 1962, Applegate 1965, Schaeffer 1977) that 
the initial part of a tooth to develop is the cusps, particularly the outer hypermin-

Figure 1. Tooth morphological nomenclature used in describing xenacanth teeth: A, labi-
al, and B, aboral, views of Orthacanthus platypternus; C, labial, D, aboral, E, occlusal 
(oral, coronal), F, lingual-occlusal, and G, anteromedial, views of O. texensis; H, occlu-
sal, I, labial, and J, anteromedial or posterolateral views of Barbclabornia luedersensis; 
the serrations and cristae are slightly exaggerated; upper scale bar for A-G; lower scale 
bar for H-J; ab = apical button; bt = basal tubercle; c = cristae; cf = central foramen; f 
= flange; lc = lateral carina; mapc = major principal cusp; mipc = minor principal cusp; 
mm = medial margin of cusp; pic = primary intermediate cusp; rt = thickness of tooth 
base (“root” thickness); s = serrations; sic = secondary intermediate cusp. Modified from 
Johnson (1999:fig. 1).
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eralized pallial dentine (see discussion in Johnson 2003:134-137) followed by 
the other tissues. But this tissue, which especially comprises the cristae in Barb-
clabornia and serrated carinae in O. texensis, is absent. The base is the last part of 
the tooth to develop. Yet, in the xenacanth teeth described here, the cusps appear 
to be less developed than the base (Fig. 2), although the apical button remains 
undeveloped (but see the description of Fig. 4D below). Hampe (1997) noted 
comparable “tooth embryos” in O. senkenbergianus. Furthermore, he noted that 
the foramina in the tooth bases are poorly defined, so perhaps the base is at least 
as undeveloped as the cusps in this species. Hampe (1997:129) also described the 
abnormal absence of cristae in an otherwise normal Triodus tooth and suggested 
they may not have developed because of trauma.
 In the various species of hybodont sharks described by Johnson (1981), 
based on nearly 4,000 isolated teeth, none appeared to be underdeveloped. It 
would seem unlikely that this phenomenon should be restricted to xenacanths. 
The differences in their histology is not so significant as to suggest that xenacanth 
tooth development is in some way aberrant, and would seem not to explain the 
observations noted above (compare Johnson 1981, 2003; Hampe 1991, 1997).

Figure 2. Underdeveloped xenacanth teeth from the upper Petrolia Formation: A-C, 
Orthacanthus platypternus, Brushy Creek K/ac locality (SMU 372), A, labial, B, antero-
medial or posterolateral, and C, lingual-occlusal views of SMU 64300; D, Barbclabornia 
luedersensis, Wolf Creek B locality (SMU 285), lingual-occlusal view of SMU 64091; E-
G, O. texensis, Wolf Creek/ac locality (also SMU 285), E, lingual-occlusal, F, labial, and 
G, anteromedial or posterolateral views of SMU 64236. Upper scale bar represents A-D 
and lower scale bar represents E-G. Modified from Johnson (1979:plate 42).



Proceedings of the South Dakota Academy of Science, Vol. 84 (2005) 219

Unusual Xenacanth Teeth

 Besides the variants of otherwise normal teeth described by Johnson (1999:
figs. 5O, 6F, 7J, N, 12A-D, M-N, 13O, 14A-D; 2003:fig. 10L-M) and the 
underdeveloped and deformed teeth, there are some probable Orthacanthus 
(mostly O. texensis) teeth from the Wichita Group that are quite unusual. For 
example, a few O. texensis teeth have cristae in addition to the lateral carinae, 
despite Orthacanthus being defined as not possessing cristae (Johnson 1999). 
One (SMU 64194, Brushy Creek C fauna) has coarse cristae on the labial side of 
one of its principal cusps (distal ends of both cusps are missing). Only two teeth 
of O platypternus were found in the Wichita Group which possess cristae; they 
were described by Johnson (1999:243). Presumably this is an atavistic character, 
as presumed ancestors of these species possessed cristae (Johnson 1979:165; see 
other examples and further discussion in Johnson 1999:243, 250, 251-252).
 Only one tooth (SMU 64191, Lake Kemp A fauna), probably from 
Orthacanthus texensis, might be considered symphysial, in the sense of Barb-
clabornia dentitions, with a highly compressed base (Johnson 2003:134). The 
cusps lack serrations, but the apical button is typical of Orthacanthus (Fig. 1F). 
O. texensis probably did not possess symphysial teeth (Johnson, 1979:200).
 Another tooth, with an unusual base (Fig. 3), has a single serrated lateral ca-
rina on the posterior(?) margin of the larger cusp, but two on the medial margin, 
with the one nearer the apical button slightly serrated. The smaller principal cusp 
has three cristae on the anterior(?) margin, with serrations on the two nearest the 
labial margin; none occurs on the medial margin, but two shorter cristae occur 
on the medio-labial corner of the cusp. The base is thicker than normal (Fig. 
1C), with the side lingual to the cusps highly abbreviated. The poorly developed 
apical button (Fig. 3A) barely extends between the cusps, which is unusual for 
Orthacanthus where it is normally isolated from the cusps (Fig. 1E, F; Johnson 
1999). The basal tubercle is massive and protrudes labially (Fig. 3C). The identi-
fication of this tooth is questionable. Oliver Hampe (pers. comm., 8 June 2005) 
doubts it is an Orthacanthus tooth; but it more closely resembles that genus than 
any other shark genus.
 A single tooth (Fig. 4A-C) has an anteromedial-posterolaterally elongated 
and somewhat distinctly separate base. The tooth may be an extreme variant 
of Orthacanthus texensis. It is less similar to the Xenacanthus slaughteri teeth 
described by Johnson (1999:254-259, see also Hampe 2003:221, verifying the 
generic assignment).
 An underdeveloped(?) tooth possesses an enlarged and apparently fully 
developed primary intermediate cusp (Fig. 4D). The principal cusps and two 
secondary intermediate cusps appear to be largely undeveloped. It appears that 
even if all the cusps had been fully developed, the centrally positioned primary 
intermediate cusp would still be the largest. It is not a cladodont tooth, however, 
as the base is typically that of a medial Orthacanthus texensis tooth (Johnson, 
1999:233).
 One tooth (Fig. 4E-G) appears to lack a developed apical button despite 
possessing a normal basal tubercle. It is possible it was broken away during trans-
port, as the tooth shows possible wear from water currents although it is largely 
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intact. It is probably a posterolateral tooth, as all three cusps are leaning in the 
same direction (Johnson 1999:233, fig. 7A-E). The intermediate cusp is unusu-
ally large (Johnson 1999:232), similar to an Orthacanthus senkenbergianus tooth 
described by Hampe (1997:125).
 Teeth with only one or with three principal cusps are rare. One (SMU 
64189, Bluff Creek A fauna) has only a single cusp that resembles the inverted 
blade of a guillotine; the base is normal. Teeth with three equal-size cusps were 
recovered from two faunas. One (SMU 64197, Brushy Creek C fauna) has 
a compressed but unserrated medial cusp. Two teeth (SMU 64238, Mitchell 
Creek B/ac fauna) have an anteromedial-posterolaterally elongated and slightly 
bifurcated apical button and basal tubercle; one also has secondary intermediate 
cusps between an enlarged primary intermediate cusp and the principal cusps 
(Fig. 4H, I). Both also have rather thin bases (as seen at the labial margin) and 
the cusps (broken) are not serrated, characters that are attributed to Orthacan-
thus platypternus (Fig. 1A; Johnson 1999:235). Their identification is therefore 
questionable. The structure of the apical button and basal tubercle in these two 
teeth suggests the possibility of lateral fusion of teeth (Johnson 1987), but the 
normal appearance of the cusps renders this unlikely. Also, the possibility that 
they are some sort of phoebodont tooth (Johnson 2005) is very doubtful because 
the cusps apparently lack cristae, among other reasons (Johnson 2005).

DISCUSSION

 One or two (Figs. 3, 4A-C) of the unusual teeth may represent different spe-
cies than those previously identified (Johnson 1999, 2003). If so, they would be 
new species. Because they are rare does not preclude this possibility. The presence 
of a single phoebodont-like tooth in the entire Waggoner Ranch Collection of 
more than 55,000 shark teeth is a good example (Johnson 2005).

Figure 3. Unusual Orthacanthus? tooth, Brushy Creek C/ac locality (SMU 377), upper 
Petrolia Formation; A, oblique lingual-occlusal, B, anteromedial or posterolateral, and 
C, labio-anteromedial or -posterolateral views of SMU 64210. Modified from Johnson 
(1979:plate 30).
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CONCLUSIONS

 Underdeveloped xenacanth teeth were probably unerupted teeth in the den-
tal groove. The cusps in these teeth appear to be less developed than the bases 
although the cusps are normally first to develop in other sharks. The absence of 
hypermineralized pallial dentine on the cusps could have resulted from trauma, 
but seems unlikely. The absence of underdeveloped hybodont teeth in the same 

Figure 4. Examples of unusual Orthacanthus teeth: A-C, O. texensis?, Lake Kemp B/ac 
locality (SMU 345), lower upper Waggoner Ranch Formation, A, lingual-occlusal, B, 
labial, and C, anteromedial? views of SMU 64237; D, O. texensis?, Tit Butte/ac local-
ity (SMU 344), lower upper Waggoner Ranch Formation, lingual-occlusal view of SMU 
64208; E-G, O. texensis, Franklin Bend A locality (SMU 366), lower middle Waggoner 
Ranch Formation, E, occlusal, F, lingual, and G, labio-posterolateral views of SMU 
64186; H-I, O. platypternus?, Mitchell Creek B/ac locality (SMU 160), middle Waggoner 
Ranch Formation, H, lingual, and I, labial views of SMU 64238 (one of two teeth). Modi-
fied from Johnson (1979:plate 30).
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faunas suggests tooth development may have been different in xenacanths. But 
this also seems unlikely, as there are no significant histological differences. The 
explanations for the relatively common occurrence of underdeveloped xenacanth 
teeth and their seemingly unusual development remain elusive.
 Given the presence of underdeveloped and deformed teeth in the Wich-
ita Group faunas, the presence of rare unusual teeth in a large population of 
Orthacanthus might be expected. But the underlying cause (trauma, develop-
mental abnormality, etc.) for their occurrence can only be speculated at this 
time. In view of the general variability of Orthacanthus teeth and the heterodont 
dentitions in this genus (Johnson 1999), and the absence of similar teeth in other 
geographic and stratigraphic contexts, it would be difficult to demonstrate the 
existence of new species without the discovery of additional specimens. Perhaps 
significantly, “unusual” teeth were not observed in Barbclabornia luedersensis, 
which possessed a largely homodont dentition.
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ABSTRACT

 About 479,000 pounds of 2,4-D (2, 4-dichlorophenoxyacetic acid) was 
applied to South Dakota’s crops in 2000.  2,4-D can injure or reduce yield of 
soybean (Glycine max) if deposited on growing plants.  This study determined 
uptake, translocation, and metabolism of ring-labeled-14C-2,4-D in soybean at 
the third trifoliate (V3) stage of growth.  Plants were harvested and partitioned 
into four parts from 1 hr (HAT) to 10 d (DAT) after treatment.  Thin layer 
chromatography techniques were used to determine if 14C remaining in the tissue 
was parent chemical or metabolite.  2,4-D uptake ranged from 39% at 1 HAT 
to 74% 6 DAT.  By 10 DAT, 14C translocated to the youngest tissue (10%) and 
older tissue (8%).  All 14C recovered from the treated leaf 1 HAT was parent 2,4-
D, however, at 24 HAT and later, only about 30% of the 14C remained as 2,4-D 
whereas 70% of the 14C was observed as a more water soluble compound.
       

Keywords

Growth regulator herbicides, conjugation, metabolism, translocation, uptake

INTRODUCTION

 In South Dakota, 100% of corn acreage, 98% of soybean acres, 93% of 
spring wheat acres and 56% of winter wheat acres were treated with herbicide 
in 2000 (USDA National Agricultural Statistics Service, 2001).  2,4-D (2, 4-
Dichlorophenoxyacetic acid) is a chlorinated phenoxy compound.  2,4-D is a 
plant growth regulator used worldwide to control broadleaf weeds.  2,4-D has 
been available since the mid-1940’s and is applied in many situations today.  
About 479,000 pounds acid equivalent (a.e.) 2,4-D was applied to 56% of SD 
spring wheat acres, 26% of SD winter wheat acres and 2% of SD corn acres in 
2000.  Application rates of 2,4-D to corn, spring wheat, and winter wheat aver-
aged about 0.95, 0.37, and 0.50  lb a.e. per acre, respectively (USDA National 
Agricultural Statistics Service, 2001).  According to the 2,4-D label this product 
cannot be sprayed when the wheat crop is in the boot to dough stage.  These fig-
ures do not include the additional pounds of 2,4-D used in pastures, rangeland, 
woodlands, or home usage.  
 2,4-D may be applied to land prepared for soybean crops, but only as a pre-
emerge application for burn down for emerged broadleaf weeds.  The rate that 
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is used depends on the interval before soybean planting.  A producer can apply 
up to 0.5 lb a.e. per acre seven days before planting soybeans, or a 1 lb a.e. per 
acre rate can be used if there is a 30 day interval before planting (2,4-D Label).  
2,4-D has very little soil activity, therefore when applied preplant it should not 
affect soybeans.  
 The main cause of the problem with 2,4-D on soybean is drift or volatiliza-
tion of the chemical from target areas onto emerged soybean plants.  The fact 
that so much of this chemical is used in South Dakota greatly increases the po-
tential for drift to occur.  Drift occurs when 2,4-D is applied to adjoining corn 
or wheat fields and chemical is carried to soybean fields by the wind.  The average 
wind speed in South Dakota during May and June is 5 to 8.5 MPH (SDSU Cli-
mate, 2005).  Volatilization is the movement of chemical due to evaporation and 
redeposition occurs when 2,4-D is applied at high temperatures around 85ºF 
(2,4-D, Pesticide Fact Sheet, 2005).  The average temperature in Brookings, 
South Dakota in May and June is 70º F with actual day to day temperatures as 
high as 90º F (Climate at a Glance, 2005).  In 2002, 16 days in June recorded 
temperatures of 80º or higher, within the first month after soybean emergence 
(June 1) (SDSU, Climate and Weather Website).  These temperatures increase 
the risk of volatilization at a time when soybean is very sensitive to 2,4-D in-
jury.    
 When 2,4-D comes into contact with soybeans, it can be very detrimental to 
a soybean crop.  Some symptoms of 2,4-D affected plants include stem twisting 
(epinasty), leaf discoloration (chlorosis), and eventually death (necrosis).  Some 
of these symptoms can be seen in plants just hours after application (Kelley et al., 
2002).  In addition it takes very little 2,4-D to cause damage to soybeans, only 
10% or 0.06 lb a.e. per acre of the 0.61 lb a.e. per acre labeled rate in corn has 
been shown to cause a 7% yield loss in soybeans (Andersen et al., 2004).  
 2,4-D is a post-emergence translocated herbicide.  It enters the plant through 
the leaf and stem tissue, and is then translocated through the plant via the phlo-
em. 2,4-D has been used for more than four decades yet research detailing the 
metabolism of the herbicide in intact soybean is difficult to find.   Soybean was 
the focus of this study due to the 4.2 million acres of soybean planted per year in 
South Dakota, and their susceptibility to 2,4-D damage.  Injury complaints on 
soybean and other broadleaf plants due to growth regulator compounds, such as 
2,4-D and dicamba, comprised about 66% of the injury complaints seen by the 
pesticide testing facility at SDSU in 2004 (D. Matthees, personnel communica-
tion).  In most cases, however, the samples, sent in near the end of the season, 
contain little if any 2,4-D although injury symptoms were often rated as severe.  
The objectives of this study were twofold.  The first was to determine how much 
chemical entered the plant in a given time period and translocation patterns 
within a plant that has been affected by a low rate of 2,4-D.  The second objec-
tive was to determine if soybeans metabolized 2,4-D and if so, the timeframe of 
when this occurred and what metabolites were formed.  
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MATERIALS AND METHODS

 Soybean plants (variety Surge) were grown in the greenhouse until they 
reached the third trifoliate (V3) growth stage.  These plants were treated with the 
methyl-ester formulations of 2,4-D at an equivalent rate of 0.112 kg ae/ha (0.1 
lb ae/a).   2,4-D was mixed with water (1:748) and applied to the plants using a 
garden spray bottle with the nozzle set to a fine mist.  Aluminum foil was cut to 
fit around the stem of the plant and covered the soil.  The plant was misted twice 
with 2,4-D to cover the leaf surfaces.  The aluminum foil was removed and the 
amount of herbicide solution per plant was determined. 
 Once the soybean plants had been sprayed and the leaves allowed to air-dry,  
the middle leaflet of the second trifoliate leaf was marked for identification.  The 
marked leaf was than treated with 10 ul of uniformly ring labeled 14C-2,4-D with 
a radioactivity level of 2.2 X 106 DPM.  The plants were harvested at 1 hour after 
treatment (HAT), 6 HAT, 48 HAT, 6 days after treatment (DAT) and 10 DAT.  
Each harvest time was replicated three times and the experiment was replicated 
in time.
 At harvest, the leaflet treated with 14C-2,4-D was removed from the plant, 
and the surface was rinsed with 3 ml of methanol.  The rinsate was collected 
and 100-ul aliquot was transferred into a scintillation vial.  Two ml of scintilla-
tion cocktail (Ultima Gold, Packard Bioscience BV, Meriden CT) was added to 
the rinsate aliquot and the vial was shaken and placed in a scintillation counter 
(Packard Bioscience Company, Meriden CT) to determine the level of radioac-
tivity on the leaflet surface.  The maximum counting time was 10 min or until 2 
sigma reached 0.05.  The remaining rinsate was labeled and stored.  
 Once the treated leaflet had been rinsed, the leaflet was freeze dried in liquid 
nitrogen and weighed.  The leaflet was then placed into a bag and stored at -18 C 
until further processing.  The remainder of the plant was partitioned into1) the 
remaining 2 leaflets of the trifoliate, 2) leaves and stem above the treated leaf and 
3) leaves and stem below the treated leaf and stored as previously described.
 One plant from each treatment period was selected for further processing.  
Each plant part was freeze dried using liquid nitrogen and weighed.  The leaves 
were placed into a mortar, more liquid nitrogen was added and the leaves were 
ground up using a pestle.  Five ml of methanol was added to the finely ground 
leaf tissue to extract the remaining herbicide in the remaining 2 leaflets of the 
trifoliate and leaves and stems above the treated leaf.  Ten ml of methanol was 
added to the leaves and stems below the treated leaf and ground.  The liquids 
from the ground materials were decanted into vials.  A 100-ul aliquot was 
placed in 2 ml of scintillation cocktail and radioactivity determined as described 
above.
 A 50-ul aliquot of extract (in two 25-ul increments) from the ground plant 
tissue of the treated leaflet and remaining 2 leaflets of the third trifoliate were 
spotted onto thin layer chromatography (TLC) plates (Whatman Inc. Clinton 
NJ).  The first 25- ul aliquot was pipetted onto the plate, allowed to dry for sev-
eral hours and then the second 25-ul aliquot was applied.  One ul of 14C- 2,4-D 
standard, containing about 24,000 DPM, was placed on 1 or 2 lanes on the thin 
layer chromatography plates.    
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 The entire extract from the 48 HAT, 6 DAT and 10 DAT ground plant tis-
sues above the treated leaf was reduced to near dryness using a stream of warm 
air.  An aliquot of methanol was added back to the near dry materials.  A 25-ul 
aliquot of this concentrated extract was counted by scintillation counting tech-
niques previously described.   Then 50-ul aliquots of these extracts were spotted 
onto TLC places as previously described. 
 The chromatography plate was developed using a (42:4:8) benzene/acetic 
acid/methanol solution (Eastin, 1986).  The solution traveled to a height of 15 
cm.  The plate was allowed to air dry in the fume hood for 20 minutes and was 
then placed into a 100 C oven for 4 minutes.  The plates were placed against a 
phosphorescent screen for 1 to 4 days.  The energy of 14C decay resulted in dark 
spots on the screen.  The screen was then placed in a counter that detected the 
darkened areas and was reported as a function of pixel density.  
 Pixel density of the 14C-2,4-D standard was used to determine the Rf value of 
2,4-D in this developing solution.  The Rf value of the standard was determined 
using the equation:  Rf = height of 2,4-D movement/height of solvent movement 
(Weete, 1986).
 The Rf values of high pixel density areas that were found outside the standard 
2,4-D spot were calculated and were considered to be 2,4-D metabolites (or 
breakdown products), since they were still radioactive but did not have the same 
characteristic movement of 2,4-D.

RESULTS AND DISCUSSION

Plant Injury, 2,4-D Uptake and Translocation

 There was a large amount of variation in the amount of 2,4-D applied to 
each plant as seen in Table 1.  The amount of 2,4-D applied to each treatment 
ranged from 1X (0.78 mg/plant) to 4X (3.22 mg/plant).  Although the chemi-
cal amount applied was the least for the 6 and 10 day harvest times, the injury 
symptoms were more severe than plants treated and harvested at the earlier 
times (Table 2 and Figure 1).  Symptoms of 2,4-D injury included stem curling, 
epinasty, upper leaf curling, leaf cupping, chlorosis, and, finally, death.  This in-
crease in symptom severity was also observed in a field study done by Andersen 
et al. (2004).  

Table 1.  Amount of 2,4-D applied to V3 soybean plants.

Harvest Time after application
Amount of  2,4-D applied 

(mg/plant)

1 hr 2.24
6 hrs 1.6

24 hrs 1.9
48 hrs 3.22
6 days 0.78
10 days 0.86
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 The amount of 2,4-D taken up over the 10-day experiment varied with the 
amount of time that the 2,4-D was left on the plant (Table 3).  Total uptake 
ranged from 40% 1 HAT to 74% 10 DAT.  The percent of radioactivity that 
entered the plant at 6, 24, and 48 HAT was about 55% of the total added.  The 

Table 2.  Severity of soybean rating of injury symptoms that were observed in V3 soybean 
plants at corresponding harvest times.

Time After Treatment Severity of Symptoms1

1 hr 2
6 hr 2
24 hr 3
48 hr 3
6 days 6
10 days 8

1 Scale of 1-10 with 10 being dead plants and 1 showing no injury.

Figure 1.  Severity of 2,4-D injury symptoms to a soybean plant at the V-3 stage, 1 

hour after treatment (HAT), 48 HAT, and 10 days after treatment (DAT). 

                  1 HAT  - injury severity 2                                48 HAT – injury severity 3 

  10 DAT – injury severity 8 

about 70% of the amount added.  The amount of 14C that remained in the treated leaflet

(TL) ranged from 98% 1 HAT to 76% 10 DAT.

As time to harvest increased more of the 2,4-D was translocated to other parts of 

the plant.  The areas of next highest concentration of 14C was plant material above the 

treated leaf, the amount of 14C that was in the area above the treaded leaf ranged from

9

Figure 1. Severity of 2,4-D injury symptoms to a soybean plant at the V-3 stage, 1 hour 
after treatment (HAT), 48 HAT, and 10 days after treatement (DAT).
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percent of uptake at 6 and 10 DAT was about 70% of the amount added.  The 
amount of 14C that remained in the treated leaflet (TL) ranged from 98% 1 HAT 
to 76% 10 DAT.  
 As time to harvest increased more of the 2,4-D was translocated to other 
parts of the plant.  The areas of next highest concentration of 14C was plant mate-
rial above the treated leaf, and ranged from 0.8% 1 HAT to 10% 10 DAT.  The 
remaining plant parts had very little 14C in them, even 6 and 10 DAT.  

Metabolism and Conjugation of 2,4-D

 The use of 14C as a tracer for a nonlabelled chemical is an indication of the 
uptake and translocations patterns for the chemical.  The question that needs to 
be answered is “Is the 14C in the original herbicide form or has the herbicide been 
changed into a different chemical?” The process of changing the original chemi-
cal into a metabolite (breakdown of a parent compound to a smaller product) or 
a conjugate (adding a plant product to the original parent compound resulting 
in a larger product) can be accomplished several ways.  Plants have been shown 
to join 2,4-D with a sugar, tripeptides, or single amino acids to form conjugates 
(Feung et al. 1972).  In most cases, the joining of these compounds with 2,4-D 
turns the original chemical into an inactive compound.  2,4-D has also been 
shown to be metabolized in plants by undergoing B-oxidation (removal of the 
2C chain of the carboxyl group) which also leads to a nonphytoxic product (Loos 
1975).  In the injury data, the plants that were harvested 10 DAT showed more 
severe symptoms than the plants harvested 48 HAT.  This leads one to believe 
that after 10 d the chemical is still able to cause harm to the plant, therefore 
metabolism and/or conjugation are not likely to be occurring.  
 Thin Layer Chromatography (TLC) was used to evaluate the remaining 14C 
in the plant and determine if the 14C recovered was 2,4-D, or some other form.  
The amount of radioactivity in the aliquots of extract was too low to be detected 
by this method, except in the treated leaflet.  Therefore, only results from the 
treated leaflet are presented.    

Table 3. Partitioning of a 14C in a V3 soybean plant from 1 hour to 10 days after applica-
tion of 14C-2,4-D to the middle leaflet of the 2nd trifoliate leaf.

Total Applied Partitioning of 14C in the Plant

Time after 
Application

Leaf
Surface Uptake

Treated 
leaflet

Remaining 
Trifoliate

Above 
Treated 

Leaf

Below 
Treated 

Leaf

% of 14C applied % of 14C taken up
1 hr 57.5 42.5 96.5 0.6 2.5 0.5
6 hr 45.2 54.8 96.8 0.9 0.4 1.9
24 hr 35.4 64.6 86.2 3.2 2.7 7.9
48 hr 34.4 65.6 81.8 1.3 2.5 1.4
6 day 26 74 92.6 2.4 2.5 2.6
10 day 35.3 64.7 75.9 5.3 10.7 8.2
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 A reproduction of the TLC plate is shown in Figure 2.  The first lane is an 
aliquot of 14C-2,4-D.  The other lanes were spotted with treated leaf extract from 
each harvest time.  The light spots in the lanes represent where the radioactive 
compounds are located.  In the control lane only 2,4-D parent material is pres-
ent.  It moved the most in the developing solution, indicating that it was the 
most benzene soluble; the Rf value was calculated to be 0.55.  This Rf value cor-
related very closely with the Rf value reported by Feung et al. (1972).  Although 
they used a TLC developing solution that contained 1-butanol-95%, ethanol-3 
N ammonium hydroxide (4:1:5), the Rf value reported for 2,4-D was 0.42.  In 
this study any light spots that had an Rf value of 0.55 were assumed to be 2,4-D 
parent material. 
 The plants that were harvested 1 HAT and 6 HAT had almost 100% of 
the 14C remaining as parent compound (Table 4).   As the time the 2,4-D was 
in the leaf increased, the amount of chemical that changed into another form 
increased.  Plants that were harvested 24 HAT had only 30% of the 14C labeled 
2,4-D remaining as parent material. The remaining 14C was found at an Rf value 
of 0.32.  The lower Rf value for this compound indicates that this form was more 
soluble in methanol than parent 2,4-D since methanol moved up the plates more 
slowly than benzene (Eastin 1986).  The amount of metabolite remained about 
the same from 24 HAT to 6 DAT with an increase at 10 DAT. 
 Others have reported water soluble forms of 2,4-D-based chemicals in 
soybean leaf, root, and cotyledon callus tissue (Feung et al. 1972; Davidonis et 

Figure 1.  Thin layer chromatography of extract from the treated soybean leaflet.

Bright spots indicate the presence of 14C.  Each lane is labeled with the time after 

application, Std is Standard 2,4-D, HAT is hours after treatment and DAT is days 

after treatment.  The Rf values are 0.55 for the 2,4-D standard and 0.32 for the 

metabolite.
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Davidonis et al. (1980) reported that 48 hrs after incubation root callus tissue did not 

metabolize or conjugate 2,4-D. 

Cotyledon callus tissue formed 33% amino acid conjugates with the remainder

staying as 2,4-D parent compound, and in the leaf callus tissue, amino acid conjugates 

were minor metabolites with glucose conjugates being the major metabolite.  Davidonis 

et al. (1980) also showed that the age and type of callus tissue played an important role in 

the type and speed of alternative 2,4-D products formed, with older soybean callus tissue 

having a faster conjugation rate.
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Figure 1.  Thin layer chromatography of extract from the treated soybean leaflet.  Bright 
spots indicate the presence of 14C.  Each lane is labeled with the time after application, 
Std is Standard 2,4-D, HAT is hours after treatment and DAT is days after treatment.  
The Rf values are 0.55 for the 2,4-D standard and 0.32 for the metabolite.
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al. 1980), although these studies were not done on intact plants.  Feung et al. 
(1972) reported both a glucose conjugate and an amino acid conjugate formed 
in cotyledon callus tissue 24 HAT. Davidonis et al. (1980) reported that 48 hrs 
after incubation root callus tissue did not metabolize or conjugate 2,4-D.
 Cotyledon callus tissue formed 33% amino acid conjugates with the re-
mainder staying as 2,4-D parent compound, and in  leaf callus tissue, amino 
acid conjugates were minor metabolites with glucose conjugates being the major 
metabolite.  Davidonis et al. (1980) also showed that the age and type of callus 
tissue played an important role in the type and speed of alternative 2,4-D prod-
ucts formed, with older soybean callus tissue having a faster conjugation rate.  

 Although extracts of other tissues were used in TLC analysis, the amounts 
of radioactivity were not detected using the plate imager.  A few ways to solve 
this problem would be to put on more radioactivity per lane by 1) adding more 
aliquots of the extract or 2) further concentrating the extract.  Another method 
may be to allow more time for development in the plate analyzer.  Since the 
analyzer is a shared piece of equipment, we tried to maximize the time for devel-
opment without compromising other researchers needs.  Without the 14C TLC 
data, it is not possible to know if the 2,4-D in the other tissue was parent mate-
rial or the metabolite.  This study also did not determine if the plants metabolize 
dthe 2,4-D before or after it is translocated.  

CONCLUSIONS

 This study showed that 2,4-D uptake by soybean ranged from 39% to 64% 
in a 10 day period.  Most of the 14C that was taken up by the plants stayed in the 
treated leaf with about 10% moving to the youngest plant tissue and 8% mov-
ing to older tissue.  The radioactivity did not remain as parent 2,4-D but was 
fairly rapidly changed to a more water soluble metabolite with only 30 to 40% 
remaining as 2,4-D after 24 HAT. 

Table 4.  The portion of 14C that remained as parent compound 2,4-D (Rf value = 0.55) 
and the amount that was metabolized or conjugated into a more water soluble com-
pound (Rf value = 0.32).

Time After Treatment
% Remaining 2,4-D

parent compound % Changed to metabolite

% of total 14C applied per lane
1 hr 100 0
6 hr 98 2
24 hr 30 70
48 hr 36 64
6 days 38 62
10 days 24 76
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 Andersen et al. (2004) reported that 6 d after application of 2,4-D to field 
grown soybean less than 20% of the original application rate was detected by gas 
chromatography/ mass spectrophotometry (GC/MS).  By 12 d after application, 
only 3% of the 2,4-D applied was detected (Andersen et al. 2004).  The 2,4-D 
was extracted by alkaline extraction and then plant extracts were derivatized to a 
more volatile form so parent 2,4-D could be detected using GC and quantified 
using MS.  This extraction method would not detect the more soluble metabolites 
reported in this study.  Based on this research and evidence from the literature, 
the 2,4-D in the soybean plant was being conjugated into more water-soluble 
forms, either glucose or amino acid conjugates, or both.  These reactions would 
decrease the 2,4-D concentration over time and are similar in time-step to what 
Andersen et al. (2004) observed.  These data would explain why, at the end of 
the season, no or very little 2,4-D was detected in stems or leaf tissue, although, 
injury symptoms were very evident.  An acidic extraction, that may break the 
glucose or amino acid bond and change the metabolite back to parent acid, may 
yield a higher amount of 2,4-D in these plant tissues if further degradation does 
not occur.   
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EFFECT OF LOCAL SCALE TOPOGRAPHY
ON WIND ENERGY POTENTIAL

Andrew Detwiler
Institute of Atmospheric Sciences

South Dakota School of Mines and Technology
Rapid City, SD 57701

ABSTRACT

 Wind energy potential at a site can be crudely estimated using climato-
logical wind data from the nearest observing site maintained by the National 
Weather Service or other public organization. A more refined extrapolation 
from the long-term observing site to the site of interest can be done based on 
elevation differences. We report here comparison between measurements made 
at a hilltop site identified as a likely site for installation of electric power generat-
ing wind turbines, and routine wind observations made at a National Weather 
Service observing site at the Rapid City Regional Airport, 4 km away. Despite 
the proximity of the two sites, there are significant differences between them in 
energy generation potential due to local-scale topographic variations. A simple 
commonly-used relationship can be used to extrapolate from mean wind speeds 
observed at the airport to those observed at the nearby hilltop site.

INTRODUCTION

 The identification of optimum sites for installing wind-powered equipment, 
such as wind-powered electrical generation equipment, is a complex process. 
There are technical considerations, such as measuring or estimating the impor-
tant characteristics of the wind. These characteristics include its mean speed, 
speed frequency distribution, and steadiness. There are economic and political 
considerations, such as the costs to develop the site, the limitations on structures 
and siting set by local zoning ordinances, and the proximity to transmission ca-
pacity when electricity is to be sold to distant customers. In this presentation we 
focus on technical issues related to the meteorology of the site.
 Very often a quantitative record of wind characteristics is not available for 
sites that appear subjectively to be good sites for wind power installations. Such 
subjectively identified characteristics might be elevation above local terrain, in-
ferences from the leaning or shaping of trees (i.e. “flag” trees with most of their 
upwind branches stunted or lost), or anecdotal experiences of people living at 
or visiting the site. In this situation, it is often possible to locate a wind record 
at a nearby monitoring site, such as an airport, National Weather Service office, 
highway weather monitoring site or public utility installation. If the local surface 
characteristics of the monitoring site are similar to those of the site of interest, 
similar wind characteristics might be inferred.
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 At National Weather Service offices in the United States, and at most instal-
lations sponsored by national meteorological agencies around the world, wind 
direction and speed are monitored at a height of 10 m (33ft) above ground level 
(AGL). Wind monitoring conducted by other federal, state, and local agencies 
may be at different heights, typically lower. Occasionally as in the Wind Re-
source Assessment Network in South Dakota (http://www.engineering.sdstate.
edu/~wran/) monitoring is conducted at higher heights. While wind characteris-
tics may vary slowly with horizontal separation over uniform terrain, wind speed 
typically increases dramatically with height AGL. When the atmosphere near the 
ground is well-mixed in typical daytime conditions, and terrain is relatively flat 
with no nearby obstructions, the variation of wind speed with height, near the 
ground, can be approximated as 

(1)

where Z is the height above ground of interest, Z0 is the height above ground 
where the observation is made, and V and V0 are the wind speeds at the cor-
responding heights. (See, for example, the Wind Resource Atlas of the United 
States, at http://rredc.nrel.gov/wind/pubs/atlas/). Equation (1) represents an 
attempt to define average variation when the wind blowing along the earth’s 
surface has blown over a considerable fetch of uniform terrain. Instantaneously 
at any site, and certainly often over complex terrains, wind speed may increase 
more or less rapidly with height AGL.
 While it is generally observed that average wind speeds are higher at higher 
elevations in mountainous areas, the 1/7 power law defined in equation (1) refers 
to wind speed variation with height AGL in the free atmosphere, not wind speed 
variations near the ground at two horizontally-separated sites with differing geo-
graphic elevations. Because air blowing upward or downward along a mountain 
surface experiences drag, the wind speed at a mountain peak will typically be 
much less than what would be estimated using equation (1), the wind speed at 
the base of the mountain, and the distance from base to peak.
 We will test equation (1) with observations acquired recently in the Rapid 
City area to verify the conditions within which it is valid.

OBSERVATIONS

 Rapid City is on the eastern flank of the Black Hills. Several streams flow 
generally eastward through the Rapid City area and have over the eons carved 
valleys. One of these streams is Box Elder Creek. Figure 1 shows a 3-dimensional 
perspective rendering of a section of terrain east of Rapid City derived from a 
digital elevation model. The view is eastward along the Interstate 90 highway, 
with Box Elder Creek to the right (south) of the highway. Rapid City Regional 
Airport (RAP) is to the south (right), and Ellsworth Air Force Base (RCA) is 
to the north (left). Figure 2 shows a perspective view of the same area from the 
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northwest looking southeastward. Radar Hill is 4 km due south of RCA, and 4 
km northeast of RAP.
 On the ridge on the south side of the valley is a site where a Nike anti-mis-
sile defense system was established in the late 1950’s. This system was removed 
shortly after it was built in order to comply with an arms reduction treaty signed 
at that time between the US and the USSR. In the latter portion of the 1960’s, 
the Institute of Atmospheric Sciences at the South Dakota School of Mines and 
Technology operated a radar at the site in support of various weather research 
activities. The site became known locally as Radar Hill. There have been no field 
research activities at this site since the early 1970’s but the ~15 m (50 ft) tall radar 
tower and dish still stands. 
 In May, 2002, a rotating cup anemometer and a wind vane were mounted 
on a 10 m (33 ft) mast that was originally part of a lightning protection system, 
just south of the radar dish. The top of the mast protruded well above the one-
story buildings in the vicinity. Winds impinging on the mast from the prevailing 
northwesterly and southeasterly directions were unobstructed by buildings or the 
radar. Wind speed and direction were recorded on a battery-powered data logger 
at hourly intervals over the following 16 months, ending in September, 2003. 

Figure 1. Topography of the region to the east of Rapid City where Ellsworth Air Force 
Base (RCA) and Rapid City Regional Airport (RAP) are located. Radar Hill is denoted by 
the red square in the center of the figure. The distance from Radar Hill to the southeast 
end of the runway at RCA is 4 km. It is also 4 km from Radar Hill to the northwest end 
of the RAP runway.

Figure 2. As in Figure 1, but view is southeastward.
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ANALYSIS

 The data from the Radar Hill site were processed and analyzed using the 
Winsite software package (Second Wind, Inc.). In addition, the archived hourly 
data from the National Weather Service Automated Surface Observing System 
(ASOS) installation at RAP for this 16 month period were obtained from the 
National Climatic Data Center (NCDC). The U.S. Air Force Air Weather 
Service maintains two anemometers, one at each end of the runway at RCA. 
Air Weather Service personnel manually record observations hourly including 
the winds from whichever is the downwind end of the runway. Data for 2002 
were obtained from the office of the State Climatologist at South Dakota State 
University. Data from RCA for 2003 are not available for this study. Winds are 
monitored by the ASOS and by the RCA anemometers at the same height, 10 
m AGL, as the winds at Radar Hill. 
 Figure 3 illustrates the frequency distribution of the wind speeds observed at 
Radar Hill during the fall of 2002. The distribution is monomodal with a long 
tail extending towards higher speeds. The mode speed is just below 10 mph.  
Figure 4 shows frequency distributions for each of 16 bands of wind direction, as 
well as a wind rose illustrating the overall frequency with which wind blows from 
each direction. The wind roses for RAP and RCA are qualitatively quite similar 
(not shown). The most common wind direction on Radar Hill during this pe-
riod was northwest, from which the wind blew 24% of the time. The next most 
common direction was south southeast, with a frequency of 15%. The strongest 

Figure 3. Hourly wind speed frequency distribution for the Radar Hill site from 7 Sep-
tember to 14 November, 2002.
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speeds and highest average speed occur with northwest winds. The wind roses 
for each other season (winter, spring and summer) are qualitatively very similar, 
except that there is a relatively higher frequency of winds from the southeast in 
summer.
 A comparison between monthly average wind speeds for RAP, RCA, and Ra-
dar Hill during the 16 month study is shown in Figure 5. Radar Hill wind speeds 
are consistently highest of the three sites, and RAP consistently has the lowest 
winds. The relative variations from month-to-month at a given site are similar 
for all sites. During the period of these observations, this variation did not follow 
the usual pattern of lower speeds in the summer and higher speeds in the winter 
previously found at sites in the Black Hills region (Pokkunuri et al. 2002). The 
highest monthly averages were found in the summer of 2002, late fall of 2002, 
and spring of 2003, while the lowest occurred in the winter months. The overall 
average wind speed over this period is 12.7 mph (5.7 m s-1) at Radar Hill, and 
9.9 mph (4.4 m s-1) at RAP.

Figure 4. Wind rose for Radar Hill, with wind speed frequency diagrams for each of 16 
compass directions, covering the same period of time as Figure 3.
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DISCUSSION

 If one were to try to estimate the winds at Radar Hill without installing any 
wind measuring equipment at the site, but instead using the easily accessible 
NCDC archived data from RAP, one would use the elevation difference between 
the two sites and equation (1) to extrapolate to the elevation of the anemometer 
on Radar Hill. The relatively steep slope of the northwest flank of the hill, up 
which the wind blows almost one-fourth of the time, makes the site resemble a 
free-standing tower. The wind speed decrease between the free atmosphere above 
and the ground below does not reach equilibrium with the local terrain over the 
short upslope distance between the valley floor and the hill top. The wind at an-
emometer height on the ridge top might be expected to be almost the same as the 
wind speed at the same elevation above sea level out over the upstream valley. 
 The elevation of the surface at the Radar Hill site is 3410 ft (1040 m) above 
mean sea level (MSL) while RAP is at 3150 ft (960 m) MSL. Using the actual 
height of the RAP and Radar Hill observations, 10 m AGL, we find

(2)

For an average wind speed of 9.9 mph at RAP, the prediction for Radar Hill is 
13.3 mph, just 5% higher than the actually observed average wind of 12.7 mph. 

Figure 5. Monthly mean wind speeds at RAP (boxes), RCA (triangles), and Radar Hill 
(diamonds).
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These results show that equation (1) does a reasonable job of estimating average 
wind speeds at sites on top of steep terrain features based on winds observed near 
the ground at nearby locations.
 Ellsworth (RCA) is at an elevation of 3277 ft (999 m) MSL, about 40 m 
higher than RAP. Its average wind speed is indeed higher than at RAP, but the 
RCA wind observations are made in flat areas adjacent to the runway where the 
vertical wind profile is expected to be equilibrated with local terrain, just as at 
RAP. Therefore, the wind speed difference between RAP and RCA should not 
be predicted using equation (1) and the elevation difference between the two 
sites. Using just the period for which data are available from all three sites (May 
– December, 2002) the average wind speed at RAP is 9.4  mph (4.2 m s-1)while 
at RCA it is 10.4 mph (4.6 m s-1). Based on equation (1) and an elevation dif-
ference of 40 m, one would expect the average wind speed 40 m above the RAP 
anemometer to be 11.8 mph (5.3 m s-1), more than 13% higher than observed. 
It is clear that equation (1) is not applicable to this kind of extrapolation. The 
RCA anemometers are less protected than the one at RAP from the prevailing 
northwest wind direction, and this may be a factor in the higher average wind 
speeds there.
 In an earlier study, wind data were analyzed from three sites in the higher 
elevations of the central Black Hills, and a hilltop site within rolling terrain 25 
km north of the Black Hills (Pokkunuri et al. 2002). The observations were made 
at 100 ft (30 m) AGL in open fields. Average wind speeds ranged from 11.8 to 
14.5 mph  (5.3 to 6.5 m s-1), with the northern site having the highest average. 
If the Radar Hill average is extrapolated from 10 to 30 m height using equation 
(1), then an average wind speed of 14.8 mph results, very close to that of the best 
of those sites investigated earlier.
 The U.S. Department of Energy classifies sites for wind energy installations 
with a 7-class scale based on mean wind speed. (See, again, the Wind Resource 
Atlas of the United States, at http://rredc.nrel.gov/wind/pubs/atlas/). Based on 
this scale, the Radar Hill site is a Class 4 site. Class 4 sites currently are con-
sidered marginal for large-scale commercial development. Such development 
involves erecting very large turbines, generating over 1 MW of power in moder-
ate winds, with hub heights approaching 50 m and blade lengths exceeding 30 
m, costing well over $1 M.  The Department of Energy is currently promoting 
development of smaller-scale turbines for residential or local applications that 
will be economical at Class 3 and 4 wind energy sites.
 It is possible that wind speed increases more rapidly than indicated by equa-
tion (1) with increasing height AGL at the Radar Hill site, due to its steep relief. 
Further investigation with winds measured using a taller tower is required to test 
this conjecture. If it is true, then for larger turbines the site might rank as Class 
5 or 6 and be viable for commercial development.
 Interestingly, recent estimates by the Department of Energy of wind energy 
potential for the State of South Dakota show estimates of Class 5 and 6 on the 
ridges to the east of Rapid City. See http://www.eere.energy.gov/windandhydro/
windpoweringamerica/pdfs/wind_maps/sd_50m.pdf . Unlike the earlier wind 
energy study sponsored by the Department of Energy (Wind Resource Atlas of 
the United States, http://rredc.nrel.gov/wind/pubs/atlas/), almost no informa-
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tion is available describing how these more recent estimates were made. It is 
known that sophisticated mesoscale atmospheric models were employed, as well 
as a variety of observed wind records, but the quantitative details are apparently 
not available to the general public. These studies were aimed at predicting winds 
at higher height (50 m AGL) than studied in the present work. It is possible that 
over ridges winds actually are higher than is expected using 10 m AGL winds and 
equation (1). Perhaps in the future it will be possible to obtain more information 
and additional observations, and thus to reconcile the apparent disagreement 
between the recent statewide resource assessment and the observations obtained 
in the present study.

CONCLUSION

 Winds were measured from May, 2002, into September, 2003, at the Radar 
Hill site east of Rapid City. Mean windspeed measured at 10 AGL was 12.7 
mph (5.7 m s-1). Extrapolation from climatological wind measurements made at 
RAP, 4 km southwest of Radar Hill, based on the elevation difference, yield an 
estimate of 13.3 mph, 5% higher than the observed value. Extrapolation from 
climatological measurements at official observing sites to wind speeds at nearby 
hilltop sites using equation (1) yields a reasonable estimate of average wind 
speed. 
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ABSTRACT

 The quality of riparian habitat and related habitat use by beavers (Castor 
canadensis) was examined during 2000 and 2001 in grazed and ungrazed areas 
along the Big Sioux River in eastern South Dakota.  Actual density of trees was 
significantly higher in ungrazed areas than in grazed areas (P< 0.01).  Beaver 
activity was evident on 85 of 527 (16.1%) trees sampled.  Beavers did not select 
tree species for cutting according to availability.  Beavers selected for green ash 
and peachleaf willow.  Over half (53%) the trees damaged by beaver either stayed 
alive or resprouted.  Trees cut by beaver were significantly smaller in diameter (P< 
0.05) than uncut trees.  The amount of grazed habitat along the Big Sioux River 
increased from 45% to 80% since 1987.

Keywords

Beaver, Big Sioux River, Castor canadensis, Riparian Habitat

INTRODUCTION

 It has been widely accepted that riparian habitat aids in reducing soil ero-
sion, stabilizing riverbanks and providing habitat for prairie wildlife.  Beavers 
(Castor canadensis) rely on riparian habitat for food and shelter and are capable 
of enhancing riparian habitat for fish and wildlife by damming rivers and streams 
(Hanson and Campbell 1963, Rutherford 1964).  However, some foresters, as 
well as many landowners, view these beaver activities as detrimental to riparian 
habitat (Miller 1985), the only naturally occurring forest in much of the North-
ern Great Plains.  Riparian habitat in eastern South Dakota has been degraded 
due to cultivation of agricultural crops and livestock grazing (Smith and Flake 
1983).  Dieter and McCabe (1989) found grazing and farming altered 45% of 
the habitat adjacent to the Big Sioux River.  There has been concern that beavers 
may be adding to the loss of riparian habitat by removing additional trees.   
 The objectives of this study were: 1) to compare habitat use by beavers in 
ungrazed areas with grazed areas along the Big Sioux River, 2) to determine if 
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beaver activity is accelerating the destruction of riparian habitat along the Big 
Sioux River, 3) to determine the changes in riparian habitat along the Big Sioux 
River over the past 15 years by comparing data collected in this study with that 
collected by Dieter (1987).

STUDY AREA

 The study area was located in the Big Sioux River Basin in eastern South 
Dakota.  The Big Sioux River originates in southwestern Roberts County, South 
Dakota, and flows in a southerly direction to its confluence with the Missouri 
River at Sioux City, Iowa.  The basin contains about 117,160 square km of 
contributing area of which 68,880 square km are in South Dakota.  The river oc-
cupies a broad, shallow valley from its source to approximately Sioux Falls, South 
Dakota.  The South Dakota portion of the river contains many small, intermit-
tent streams.  Width of the river channel within the study area varies from 15 to 
40 m and water depth ranges from 0.3 to 1.7 m.  The Big Sioux Basin contains 
level to gently sloping silty and loamy soils as well as undulating to sloping silty 
soils.  The land along the Big Sioux River is primarily used for livestock grazing 
and farming.  Grazed areas are characterized by widely scattered large trees with 
no regeneration and/or little to no understory.  In contrast, ungrazed areas have 
a thick understory and are heavily forested by small trees interspersed by a few 
larger trees (Smith and Flake 1983).

METHODS

 During summer of 2000 and 2001, we surveyed the riparian zone on the 
main river channel of the Big Sioux River from near Watertown, South Dakota 
to near Trent, South Dakota in an effort to quantify the existing riparian habitat 
and to estimate beaver use of trees.  Sample plots were defined as strip transects 
three meters wide with lengths being the distance in meters from the shoreline 
to the outer edge of the wooded habitat.  Sample plots were randomly selected 
by traveling a timed distance (10 to 99 seconds) downstream from the northern 
boundary of the study area at a moderate speed (5 mph) in a motorized boat.  At 
each sample plot, we walked a strip transect carrying a rod (3m) from the water’s 
edge toward a fixed point on the upland.  Each woody plant that touched the 
rod was counted in the strip transect, and species and diameter at breast height 
(DBH) were recorded.   We measured the distance from the water to each tree 
and the total length of each strip transect.  All trees that were alive and/or dam-
aged by beaver were included in the sample, but those that had died due to 
flooding or disease were omitted.
 Riparian habitat along each sample plot was categorized according to land 
use as grazed or ungrazed.  A sample plot was considered grazed if livestock, or 
direct evidence of livestock, were present in the immediate area.  A sample plot 
was considered ungrazed if no sign of grazing activity was visible in the immedi-
ate area.  Actual density (AD = Number of trees of species A/ha), and relative 
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density (RD = Number of trees of species A/total number of trees x 100) were 
calculated for all trees sampled.   All trees sampled were examined for signs of 
beaver damage and classified as having fresh cuts, old cuts, or no damage.  Those 
with fresh or old beaver damage were further classified according to the extent 
and type of cutting: 1) fresh cuts, 2) old cuts, 3) alive and standing but dam-
aged, and 4) cut with resprouting.  We defined fresh cuts as those occurring in 
the post-winter period of the current year.  Old cuts were those occurring in a 
previous year and causing death of the tree.  The third category included trees 
that had suffered obvious beaver damage, but were not killed by this activity.  
The fourth category included all trees that were cut by beavers and exhibited 
regrowth.  The number of trees cut by beavers, and relative cuts (Cr = Number 
of trees of species A cut/total trees cut x 100), were calculated for all tree species.  
Statistical data analysis was done with SAS (SAS 1999) using a combination of 
chi-square analysis and t-tests.

RESULTS

 We sampled 412 strip transects, with a combined distance of 2.22 km and 
an area of 0.66 ha, along the main channel of the Big Sioux River.  Of the 412 
strip transects, grazed habitat accounted for 330 (80.1%), and ungrazed habitat 
accounted for 82 (19.9%) transects.  Ten tree species were encountered in the 
strip transects.  Green ash (Fraxinus pennsylvanica), boxelder (Acer negundo), 
and northern hawthorn (Crataegus rotundifolia) were found predominantly in 
grazed habitats (Table 1).  Silver maple (Acer saccharinum), peachleaf willow 
(Salix amygdaloides), common buckthorn (Rhamnus cathartica), and cottonwood 
(Populus deltoides) were found predominantly in ungrazed habitats (Table 1).  
American elm (Ulmus americana) was found equally in both habitats.  Green 
ash, peachleaf willow, and boxelder were found throughout the river system, but 
silver maple was found only in the southern reaches of the Big Sioux River.  
 AD was significantly higher (p ≥ 0.01) in ungrazed habitat (1067 trees/ha) 
than in grazed habitat (529 trees/ha).  Green ash, boxelder, northern hawthorn, 
and bur oak (Quercus macrocarpa) had higher AD in grazed habitats.  All other 
species had higher AD in ungrazed habitats.  Green ash, boxelder, American elm, 
northern hawthorn and burr oak had higher RD in grazed habitats (Table 2).

Beaver Usage

 Beaver activity was evident on 125 of 527 (24.0%) of the trees sampled 
(Table 3).  There was no difference in the percentage of trees cut between grazed 
and ungrazed habitats.  Peachleaf willow (33%) and green ash (32%) were the 
two most heavily utilized tree species (Figure 1).  The relative proportion of both 
species cut was greater than their RD.  American elm was the only other spe-
cies sampled that had a greater proportion cut than its RD.  No beaver activity 
was seen on common buckthorn, northern hawthorn, bur oak and wild plum.  
Beavers did not select trees according to their availability (Figure 1).  Chi-square 
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analysis indicated that green ash, peachleaf willow, and American elm were se-
lected (P=0.05) for over other species.
 There were significant differences in the mean DBH between cut and un-
cut trees.  Green ash had a significantly smaller (P ≤ 0.05) mean DBH for cut 
(42.3 cm) than uncut trees (73.7 cm).  Cottonwood had a significantly larger  
(P ≤ 0.05) mean DBH for cut (20.6 cm) than uncut trees (8.5 cm).  The mean 
DBH of all cut trees (30.8 cm) was significantly (P ≤ 0.05) less than for uncut 
trees (42.2 cm) (Table 4).  Beavers selected to cut small trees in both habitat 
types.  A high percentage (80%) of trees cut by beaver were less than 30 cm 
DBH (Figure 2).  

DISCUSSION

 In order to assess the impact of beavers on riparian habitat, a basic concept 
of what the habitat consists of is necessary.  Dieter and McCabe (1989) found 

Table 1.  Species, number, and percentage of trees sampled in grazed and ungrazed 
habitats along the Big Sioux River in eastern South Dakota, 2000-2001.

Species
Ungrazed 

N (%)
Grazed
N (%) Total Overall Percent

Green ash
Fraxinus pennsylva-
nica

37 (30) 87 (70) 124 23.5

Silver maple
Acer saccharinum 99 (98) 2 (2) 101 19.2

Peachleaf Willow
Salix amygdaloides 71 (76) 23 (24) 94 17.8

Boxelder
Acer negundo 23 (33) 46 (67) 69 13.1

Common Buckthorn
Rhamnus cathartica 51 (98) 1 (2) 52 9.9

Cottonwood
Populus deltoides 34 (100) 0 (0) 34 6.5

American elm
Ulmus americana 13 (52) 12 (48) 25 4.7

Northern Hawthorn
Crataegus rotundifolia 0 (0) 10 (100) 10 1.9

Bur Oak
Quercus macrocarpa 1 (20) 4 (80) 5 0.9

Wild plum
Prunus americana 2 (100) 0 (0) 2 0.4

Unknown* 1 10 11 2.1
Totals 332 195 527 100.0

* No identifiable features on any part of the dead tree
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that grazing or farming altered 45% of the sampled riparian habitat around the 
Big Sioux River.  We found that over a 15-year period, the amount of habitat 
along the Big Sioux River altered by grazing or farming had increased to 80%.  
The effects of livestock grazing, which has caused a dichotomy of habitat condi-
tions along the Big Sioux River, can influence beaver activity (Munther 1981).  
Dense thickets of willows were found along areas of ungrazed habitat.  Ungrazed 
areas have an abundance of small trees of common species available for use by 
beavers, (Novakowski 1967, Northcott 1971, Jenkins 1975 and 1979, Pinkowski 
1983, Dieter 1987), while grazed areas have few large trees and almost no small 
trees available for beaver use (Dieter 1987).  Livestock activity eliminates small 
diameter trees and stems, causing beavers living in grazed areas to select larger 
trees to cut.  Green ash, silver maple, and peachleaf willow were the three most 
abundant tree species sampled, accounting for over 60% of the total.  Green ash 
and boxelder persist in grazed areas, but there is little regeneration.  Also, grazed 

Table 2.  Actual density (AD=trees/ha), and relative density (RD =density of trees of spe-
cies A/total density of trees x 100) of 10 tree species sampled along the Big Sioux River 
in eastern South Dakota, 2000-2001.

Ungrazed Grazed

Trees AD RD AD RD

Green Ash 119 11.2 249 47.0
Silver Maple 319 29.9 6 1.1
Peachleaf Willow 229 21.4 66 12.4
Boxelder 74 7.0 131 24.9
Common Buckthorn 165 15.4 3 0.5
Cottonwood 110 10.3 0 0
American Elm 42 3.9 34 6.5
Northern Hawthorn 0 0 29 5.4
Bur Oak 3 0.3 11 2.2
Wild Plum 6 0.6 0 0
Total *1067 100 *529 100

* Actual densities significantly different at the 0.01 level with chi-square = 13541.5, 18df

Table 3.  Density of trees damaged by beaver by habitat classification along the Big 
Sioux River in eastern South Dakota, 2000-2001.

Land Use
Number of 

Trees Sampled
Number of 

Trees cut (%)

Number of 
Trees damaged 
but alive* (%)

Density (Trees 
cut/ha)

Grazed 195 34 (17.4) 18 (9) 97.1
Ungrazed 332 51 (15.4) 22 (7) 164.5
Totals (Avg.) 527 85 (16.1) 40 (8) (128.8)

* May have exhibited resprouting from a cut or just have been partially cut
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Figure 1. Percent of species of trees sampled and those cut by beaver along the Big Sioux 
River in eastern South Dakota, 2000-2001.

Table 4.  Diameter at breast height (DBH) of the most abundant tree species cut by 
beaver along the Big Sioux River in eastern South Dakota, 2000-2001.

Mean DBH (cm)

Species Uncut Cut

Green ash
Fraxinus pennsylvanica

73.7 42.3*

Silver maple
Acer saccharinum

30.1 30.4

Peachleaf Willow
Salix amygdaloides

68.1 45.8

Cottonwood
Populus deltoides

8.5 20.6*

American Elm
Ulmus americana

49.0 49.8

Means 42.2 30.8*

*Statistically significant at the 0.05 level
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areas had a low density of large trees, while ungrazed areas had high density of 
trees of various sizes.  Beavers prefer small diameter trees near waterways due to 
the ease of cutting and transporting to lodge and cache sites (Dieter 1987).  
 Aspen (Populus tremuloides), where present, is a preferred tree species of 
beaver (Hall 1960, Brenner 1962, Northcott 1971), but beaver often use other 
tree species as well (Chabreck 1958, Nixon and Ely 1969).  Green ash was the 
dominant tree species along the Big Sioux River and was the second most utilized 
species by beaver.  Peachleaf willows comprised the majority of the large DBH 
trees cut by beaver.  Beaver seldom utilized boxelder or common buckthorn.  
Dieter (1987) concluded that the avoidance of these species was possibly due to 
taste and/or texture.  Beaver activity killed less than half the trees that were cut.  
Some damaged trees stayed alive, while some felled trees and stems resprouted, 
creating dense habitat.  Several studies have found that felled trees often resprout, 
creating dense, brushy habitat (Hall 1960, Kindschy 1985, Krinard and Johnson 
1981).  
 We found beaver activity was similar in both grazed and ungrazed habitat.  
However, in ungrazed habitat, there was a greater availability of small DBH trees 
of most species.  Therefore, beaver activity probably does more damage to grazed 

Figure 2. Proportion of trees cut by beaver based on diameter at breast height (DBH) 
along the Big Sioux River in eastern South Dakota, 2000-2001.
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habitat along the Big Sioux River.  The cutting of large DBH trees by beavers will 
likely continue in grazed habitat, because there is no new tree growth and large 
old trees that are felled do not exhibit regrowth.  

CONCLUSION

 Beavers use grazed habitats along the Big Sioux River, but ungrazed habitats 
provide better habitat and a more diverse and abundant food source.    Ungrazed 
areas are capable of sustaining a higher beaver population than grazed areas, and 
beavers may actually enhance these areas rather than damage them.  Of great-
est concern along the Big Sioux River is the continued loss and degradation of 
riparian habitat due to livestock grazing.  The primary factor associated with the 
reduction, deterioration, and loss of riparian habitat along the Big Sioux River is 
livestock grazing and crop cultivation.  Beavers may be aiding in destruction of 
riparian habitat in grazed areas because they are taking the limited new growth 
that occurs as well as killing the few large trees available.
 A return of suitable ungrazed habitat could help distribute the existing bea-
ver population over a greater area.  Even with increased conservation incentives 
provided by federal agencies, the habitat is still being damaged and reduced.  
Restrictions on livestock grazing within a predetermined distance from habitat 
along the river channel would allow for regeneration of forest in currently grazed 
areas.  Along with increasing beaver populations, many species of birds, mam-
mals, fish, and flora would benefit from the improved riparian habitat. 
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ABSTRACT

 Population characteristics of beavers (Castor canadensis) were examined in 
fall 2001 along the Big Sioux River Basin of eastern South Dakota.  Over half 
(54.3%) of the beaver population consisted of kits (0.5-1 year) and yearlings 
(1.5-2 years).  Males were more prevalent in age-classes 2.5-3 and 3.5-4, and 
there were more females in the 1.5-2 and 4.5-5+ age-classes, but the sex ratio 
was not significantly different from a 1:1 ratio.  The beaver population in eastern 
South Dakota appears to be increasing so complaints to State Wildlife Agencies 
about beaver damage will continue to rise.

Keywords
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INTRODUCTION

 Beaver (Castor canadensis) ecology has been well documented over much of 
its range, but not the northern Great Plains region.  Beaver populations increased 
markedly during the 1980’s over most of the northern Great Plains due to low 
fur prices and reduced trapping pressure (Miller 1985).  Along the Big Sioux 
River in eastern South Dakota, landowner complaints also increased, causing 
concern of excessive beaver damage to riparian habitat (Miller 1985).  Today, fur 
prices are still low and the number of people trapping beavers has continued to 
decrease.  Conversely, the number of depredation complaints from farmers and 
landowners continues to increase (Jerry Reidel, South Dakota Game Fish and 
Parks, pers. Comm.).  Our objective was to determine the age and sex structure 
of beavers in eastern South Dakota.  This information will aid state agencies to 
better understand and manage the beaver population.
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Study Area

 The study area was located in the Big Sioux River Basin in eastern South 
Dakota.  The Big Sioux River originates in southwestern Roberts County, South 
Dakota, and flows in a southerly direction to its confluence with the Missouri 
River at Sioux City, Iowa.  The basin contains about 117,160 square km of 
contributing area of which 68,880 square km are in South Dakota.  The river 
occupies a broad, shallow valley from its source to approximately Sioux Falls, 
South Dakota.  The width of the river channel within the study area varies from 
15 to 40 m and water depth ranges from 0.3 to 1.7 m.  The South Dakota por-
tion of the river contains many small, intermittent streams, which provide ad-
ditional beaver habitat.  Riparian tree and large shrub species commonly found 
in the study area are green ash (Fraxinus pennsylvanica), boxelder (Acer negundo), 
peachleaf and sandbar willows (Salix amygdaloides and S. exigua) and American 
elm (Ulmus americana).  Land use along the Big Sioux River is predominantly 
livestock grazing and cultivated crops.  Widely scattered large trees with no re-
generation and/or little to no understory characterize grazed areas.  In contrast, 
ungrazed areas have a thick understory and are heavily forested by small trees 
interspersed by a few larger trees (Smith and Flake 1983).

Methods

 During fall 2001, 103 beaver carcasses were obtained from Animal Damage 
Control employees of the South Dakota Game, Fish and Parks Department.  
Some biases, such as hunter selectivity, are associated with all types of harvesting 
methods, and representation may be skewed by kit mortality (Dieter 1992), but 
in our study some biases were eliminated.  Sampling was done when all indi-
viduals in the colony would be actively collecting food for winter and feeding 
outside the lodge.  In addition, beavers were harvested by several lethal methods 
including, but not limited to, trapping in all types of aquatic systems in the Big 
Sioux River Basin.  After the beavers were trapped, they were transported to a lab 
at South Dakota State University and examined.
 The lower jaw was removed from each beaver and the teeth were extracted 
using laboratory tools.  Beavers were aged based on the degree of root closure 
on the mandibular teeth or by grinding the teeth to reveal the cementum layer 
(Van Nostrand and Stephenson 1964, Larson and Van Nostrand 1968, Hartman 
1992).  Five age classes were recognized:  kits (0.5-1 year), yearlings (1.5-2 years), 
2.5-3 years, 3.5-4 years, and 4.5-5 years and older.  A Chi-square statistical analy-
sis was performed to test for deviation from a 1:1 male:female sex ratio on the 
entire population as well as between age categories.

Results

 Kits and yearlings comprised the majority (54.3%) of the population, while 
adults (2.5 and up) comprised 45.7% of the population (Table 1).  The male:
female ratio in all age classes, and the overall male:female ratio (1.34:1.00), were 
not significantly different from a 1:1 ratio (Chi-square = 3.8415, 1 df, P = 1.08) 
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(Table 1).   Males were more prevalent in age classes  2.5-3 and 3.5-4, while there 
were a greater number of females in the 1.5-2 and 4.5-5+ age-classes.

DISCUSSION

 Most beaver population studies are based on samples recreationally trapped 
during the winter (Henry and Bookhout 1969, Bergerud and Miller 1977, Ly-
ons 1979, Payne 1982 and 1984) or on unexploited populations (Taylor 1970, 
Hodgdon 1978, Svendson 1980, Busher 1987).  Several researchers (Leege and 
Williams 1967, Henry and Bookhout 1969, Gunson 1970, Payne 1982) have 
suggested that the age ratio of trapped beavers approximates the age ratio of the 
population, whereas others (Novakowski 1967, Boyce 1974) believe that trap-
ping may be more selective for adults and does not approximate the age ratio 
of the population. Our study was unique compared to other studies of beavers 
due to the timing of harvest.  Beavers were harvested in late summer and early 
fall after Game, Fish, and Parks Department Animal Damage Control personnel 
tried to kill all beavers (with no animal size preference as fur-trappers would have 
in an area) to avoid further nuisance complaints.  Therefore, we believe that our 
sample provided the actual age and sex ratio of the local beaver population.
 The percentage of kits (32.0%) and yearlings (22.3%) were similar to the 
averages found by Hill (1982) for kits (30%) and yearlings (23%) from un-
exploited populations.  Nordstrom (1972) found that exploited populations 
contained 34-39% kits.  Hodgdon (1978) and Svendson (1980) found that un-
exploited increasing beaver populations consist of around 30% adults, whereas 
the Big Sioux River Basin population contained 32% adults.  Larson (1967), 
Nordstrom (1972), and Lyons (1979) found productive beaver populations to 
have a mean age of 2.5-3.0 and percent kits to be between 27-39%.  We found 
similar numbers in the eastern South Dakota beaver population, which suggested 
that the beaver population in eastern South Dakota is increasing.

Table 1: Sex and age distribution of beaver collected during September-November 2001 
in eastern South Dakota.

Age - class

No. of
individuals 

in age
- class (%) Male Female

Sex ratio 
M:F P valuea

0.5 - 1 33 (32.0%) 20 13 1.54:1.00 0.76
1.5 - 2 23 (22.3%) 11 12 1.00:1.09 0.04
2.5 - 3 14 (13.6%) 10 4 2.50:1.00 1.34
3.5 - 4 12 (11.7%) 8 4 2.00:1.00 0.68

4.5 - 5+ 21 (20.4%) 10 11 1.00:1.10 0.04
 Total n=103 59 44 1.34:1.00 1.08

aP = probability for differences in sex ratio using Chi-square analysis with 1 df at ∞ 0.05=3.8415.
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 Sex ratios of beaver populations do not normally deviate significantly from 
a 1:1 ratio (Novak 1987).  However, habitat condition and trapping methods 
may cause sex ratios to vary (Bradt 1947, Hodgdon and Hunt 1953, Rutherford 
1964).  We found that males were more prevalent in the juvenile age-class, which 
is consistent with other studies (Leege and Williams 1967, Vanden Berge and 
Vohs 1977).  Some researchers (Nordstrom 1972, Boyce 1974 and Lyons 1979) 
suggest exploitation disrupts sex ratios due to differences in trap vulnerability.  
Several studies found females were more prevalent in older age groups (Henry 
and Bookhout 1969, Leege and Williams 1967).  We found more females in the 
1.5-2 and the 4.5-5+ year classes.  
 In 1992, the beaver population in eastern South Dakota was considered 
stable (Dieter and McCabe 1989), but our data suggests the beaver population 
is increasing.  This change may be due to the continued decline in trapping pres-
sure, reduced fur prices, or a combination of these factors.  As beaver populations 
continue to increase, wildlife managers should expect a related rise in the number 
of beaver nuisance complaints.
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ABSTRACT

 Giant Canada goose (Branta canadensis maxima) populations have been in-
creasing steadily as a result of several management techniques including habitat 
management and reintroduction programs.  Unfortunately, this population in-
crease has resulted in damage to agricultural crops.  To alleviate this problem, the 
South Dakota Game, Fish, and Parks Department (SDGFP) initiated a program 
to reduce crop damage caused by giant Canada geese.  We attempted to deter-
mine the severity of crop damage by giant Canada geese, and the effectiveness of 
the crop damage program in Day County, South Dakota during summer, 2003.  
Damaged fields were located through landowner complaints and aerial surveys.  
We found 70 damaged fields, 68 of which were measured, which accounted for 
119 acres (48.2 ha) of damaged crops.  Complaint landowners, defined as those 
who received SDGFP assistance, had an average crop loss of 1.3 acres (0.5 ha) 
per field.  Landowners that did not receive SDGFP assistance, non-complaints, 
lost an average of 2.1 (0.9 ha) acres of crops per field.  The overall average of 
crops lost to giant Canada geese was 1.8 (0.7 ha) acres per field.  The SDGFP 
crop damage program appears to be successful if administered early in the grow-
ing season.  

Keywords

Branta canadensis maxima, crop damage, giant Canada geese 
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INTRODUCTION

 The giant Canada goose, Branta canadensis maxima, is considered a suc-
cess in wildlife management.  At one time thought to be extinct, giant Canada 
goose populations have significantly increased.  This population increase may be 
attributed to several management techniques such as reintroduction programs, 
habitat management, and regulation of hunting (Delacour 1954, Hanson 
1965).  Unfortunately, this successful restoration has created problems including 
goose damage to lawns, golf courses, beaches, and agricultural crops (Conover 
and Chasko 1985, Hindman and Ferrigno 1990).  Crop damage by foraging 
Canada geese has been increasing throughout the United States (Flann 1999) as 
agriculture has expanded and wetlands and their associated food supplies have 
declined.  
 Most crop damage occurs where giant Canada geese are attracted to crops 
planted immediately adjacent to the water’s edge.  Geese select shorelines with 
gentle slopes having little or no vegetation barriers which increases their ability to 
see approaching predators.  The summer molt for giant Canada geese begins in 
mid-June and proceeds through July.  During this time, young geese are flightless 
and adult geese concentrate in molting areas, which can lead to localized crop 
damage.  The extent of damage to emerging crops by flightless Canada geese may 
be a function of the local breeding population behavior, along with the possible 
influx of molt-migrators (Flann 1999).  
 Giant Canada geese feed on immature crops which are capable of meeting 
increased nutrient requirements due to brood-rearing and molting.  Soybeans 
and other crops have a higher nutrient value at the time when graminoid species 
are maturing and becoming unpalatable to geese (Flann 1999), resulting in crop 
damage that poses a problem to landowners.
 In eastern South Dakota, giant Canada goose damage on field crops has 
caused numerous landowner complaints.  Due to these complaints, SDGFP 
initiated a program to reduce crop losses.  Landowners that file a complaint are 
given free access to abatement techniques offered by SDGFP.  These options 
include but are not limited to; 1) Visual deterrents such as flags and eagle kites; 
2) Propane cannons or sonic deterrents; 3) Hazing or physically moving giant 
Canada geese either by shooting cracker-shells and/or by scaring them with 
boats; 4) Permanent or temporary electric fences, which are constructed to pro-
vide a physical barrier between the water and growing crops.  SDGFP also pro-
vides contracted wheat and alfalfa buffer strips between the shoreline and crops.  
There has been no research to confirm the actual amount of goose damage that is 
occurring, or to verify the success of the crop damage program.  The purpose of 
this study was to accurately measure crop damage caused by giant Canada geese 
on agricultural fields in Day County, 2003.  

STUDY AREA AND METHODS

 The study area was Day County, located in northeast South Dakota.  This 
county has historically had giant Canada goose damage and numerous land-
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owner complaints occur annually.  The study area lies within the Prairie Pothole 
Region, a glacially created region in the northern prairies of North America, 
characterized by a large quantity of wetlands (Kantrud et al. 1989).  Although 
the area is not the most optimal for farming due to numerous wetland basins, the 
most common land practice includes row crops, (mainly soybeans, small grains, 
and corn) and cattle production.
 Landowners that notified SDGFP regarding crop damage caused by giant 
Canada geese were referred to as complaints.  Damage abatement techniques 
were then applied to each complaint area.  If crop damage occurred, evidenced 
by physical sighting of birds or presence of footprints, feathers, and/or drop-
pings, the total area damaged by geese was measured.  Measurement was always 
done after geese vacated the area and no further damage occurred.  Measure-
ments were taken with a Trimble Asset Surveyor, a GPS unit with sub-meter 
accuracy. The perimeter of the damaged portion of the field was walked as the 
Trimble unit calculated the encompassed acreage with +/- .02 acre accuracy.
 In mid-July, we conducted an aerial survey over wetland areas of Day County 
to locate goose damage in fields where landowners did not file complaints.  These 
landowners were referred to as non-complaints.  The survey was flown in two-
mile transects at an altitude between 1,000 and 1,400 feet above ground.  Three 
people conducted the survey; a pilot, a person to spot damage, and a recorder.  
Binoculars aided in determining damaged fields.  Crop damage was marked on 
a county map during the aerial survey and then located and measured on the 
ground.  Non-complaint crop damage was also measured with the Trimble Asset 
Surveyor.  ANOVA was used for statistical analysis to compare complaint and 
non-complaint crop damage.  

RESULTS

 The SDGFP in Day County received giant Canada goose damage com-
plaints from 22 individual landowners in 2003.  This crop damage occurred on 
31 separate fields (Table 1).  During the aerial survey, we found an additional 39 
non-complaint fields, for a total of 70 fields damaged by geese in Day County 
in 2003 (Table 1).  Only 37 of 39 non-complaint fields were measured because 
two landowners refused access to their fields.  
 In 2003, the total crop acreage lost on 31 complaint fields was 40.7 acres 
(16.5 ha).  An average of 1.3 crop acres (0.5 ha) was lost on each complaint field 
(Table 1).  The most crop damage sustained by one complaint landowner was a 
combined total of 8.6 acres (3.5 ha) on two fields.  Of the 37 fields owned by 
non-complaint landowners that we measured for crop damage, the total acreage 
lost to geese was 78.4 acres (31.7 ha).  An average of 2.1 acres (0.9 ha) of crop 
loss occurred on non-complaint fields (Table 1).  The most crop damage sus-
tained by one non-complaint landowner was 11.6 acres (4.7 ha), which occurred 
on two fields.  Due to high variability, there was no significant difference in mean 
crop damage between complaints (1.3 acres) and non-complaint fields (2.1 acres) 
(P = 0.108) (α = .05).  In 2003, Day County averaged 25 bushels of soybeans per 
acre, which means the average loss to complaint landowners was $195, and the 



262 Proceedings of the South Dakota Academy of Science, Vol. 84 (2005)

average loss to non-complaint landowners was $315, with soybeans at $6/bushel.  
Landowners that received SDGFP assistance from mid-May to early June lost 
from 0.0 to 1.0 acres of crops due to giant Canada goose damage in 2003.  On 
eight of these complaint fields, no crop damage was sustained.  Landowners 
that filed a complaint in July and August, when the majority of the damage had 
already occurred, lost from 2.9 to 8.5 acres.  Landowners that did not receive 
SDGFP assistance (non-complaints) suffered slightly higher crop loss on fields 
due to giant Canada geese. 

DISCUSSION

 The aerial survey was effective in locating crop damage in areas not visible 
from a road.  It is possible, but unlikely, that some smaller damaged areas were 
not included due to visibility constraints, but all large damage sites were located 
with this method.  Additional areas damaged after the survey was completed 
may not have been included, unless observed from a road.  In addition, there 
were several crop fields recorded as damage sites from the air, but were later de-
termined to be water damage. 
 Measurements of damaged crops from Canada geese were taken at various 
time periods depending on the crop type and its associated re-growth rate in 
response to foraging.  Measurement of small grains (wheat, oats, and millet) 
was conducted during late June.  By this time plants had grown high enough to 
become unattractive to giant Canada geese and the majority of small grain crop 
damage already occurred.  We saw many small grain fields exhibit substantial 

Table 1.  Giant Canada goose damage to agricultural fields in Day County, South Dakota, 
2003.

COMPLAINTS

Damage

CROP # OF FIELDS AVERAGE (ac) RANGE (ac) TOTAL (ac)

Soybeans 20 1.6 (0.7 ha) 0 to 6.0 (0 to 2.4 ha) 32.7 (13.2 ha)
Corn 4 1.6 (0.7 ha) 0 to 5.5 (0 to 2.2 ha) 6.2 (2.5 ha)
Small Grains 6 0.3 (0.1 ha) 0 to 1.0 (0 to 0.4 ha) 1.8 (0.7 ha)
Sorghum 1 0 0 0
Total 31 1.3 (.5 ha) 40.7 (16.5ha)

NON-COMPLAINTS

Damage

CROP # OF FIELDS AVERAGE(ac) RANGE (ac) TOTAL (ac)

Soybeans 32 2.4 (1.0 ha) 0.2 to 11.0 (0.1 to 4.45 ha) 76.4 (31 ha)
Corn 2 0.3 (0.1 ha) 0.2 to 0.4 (0.1 to 0.2 ha) 0.7 (0.3 ha)
Small Grains 3 0.4 (0.2 ha) 0.2 to 0.7 (0.1 to 0.3 ha) 1.3 (0.5 ha)
Total 37 2.1 (0.9 ha) 78.4 (31.7 ha)
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re-growth in 2003.  While plants may appear damaged by grazing, wheat yield 
is not always reduced and may even increase after goose foraging (Biehn 1951).  
Factors such as growth stage, soil type and moisture, and overall growing condi-
tions affect crop yield under grazed conditions (Flegler et al. 1987).  A few areas 
where geese had begun to eat mature wheat were included in this assessment, but 
some damage may have occurred after the aerial survey was completed.  These 
damaged areas occurred following the molt, and all were small (<0.5 acres) and 
inconspicuous.  It is important to note that damage to windrowed grains was not 
included in this study, as this type of damage is difficult to quantify.
 Corn measurements were conducted in late June when plants were too tall 
for giant Canada geese to eat and would not sustain further damage.  Corn also 
exhibits substantial re-growth.  For example, an initial measurement taken of an 
area of damaged corn was 5.5 acres (2.2 ha), but a few weeks later the same area 
had only 1.7 acres (0.7 ha) not producing corn.  
 Soybean measurements were conducted during late July and August after 
the majority of giant Canada goose damage had occurred.  During this time, 
giant Canada geese began to fly again and moved to harvested small grain fields 
to feed.  Soybean plants exhibit very little re-growth, and do not provide height 
constraints against foraging geese like small grain and corn. As a result, soybean 
fields exhibited the most obvious and severe damage. 

RECOMMENDATIONS

 The reduction of crop damage by giant Canada geese is best accomplished 
by using a combination of abatement techniques.  Goose damage was prevented 
through mid-June 2003 in Day County through the use of abatement tech-
niques.  Eight of the 22 complaints filed with SDGFP in Day County during 
2003 sustained no damage. 
 We recommend that landowners with historic giant Canada goose problems 
be pro-active rather than reactive.  Landowners should become involved with the 
contracted buffer strip program SDGFP offers because this method is effective in 
preventing damage on target crops.  If this program is not feasible, application 
of abatement techniques in varying combinations within the potential problem 
areas as early as possible is recommended.  Also, monitoring fields throughout 
the growing season proves to reduce crop losses.  Ultimately, the willingness to 
work with SDGFP will provide landowners a means to reduce crop losses to gi-
ant Canada geese.
 Crop damage was less severe when complaints were filed as early as possible 
in the growing season.  In May 2003, complaints on four fields were received, 
having an average of 0.1 acres of damage per field at the end of the growing 
season.  During June, 16 complaint fields averaged 1.0 acre of damage per field.  
July complaints averaged 2.5 acres on 8 fields, and August complaints averaged 
1.6 acres on three fields.  
 There are some factors that should be considered for future research.  One 
important consideration is the variability of fields in successive years.  Every 
goose damage area is dependent on location, crop type, amount of surface water, 
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number of geese, and goose behavior in that area.  Researchers must be able to 
assess wetlands, as well as the population dynamics of geese inhabiting the area, 
as these will vary from year to year.  It is also important to note that not all dam-
aged areas reported resulted in complete crop loss, but just that geese had at one 
time damaged the crops.  
 The SDGFP crop damage program appears to be successful if utilized prop-
erly and early in the growing season.  We did not find extreme crop damage 
that is often reported.  In fact, the damage caused by geese was minimal during 
the 2003 growing season.  With over a half million acres of farmland in Day 
County, the 119 acres of crop damage by geese in 2003 accounted for a 0.02% 
crop acreage loss.  Damage can occur and will be more severe if the geese are 
left undisturbed during the summer molt.  A combined effort between SDGFP 
personnel and landowners may substantially decrease the amount of crops dam-
aged by giant Canada geese.  Further research conducted in subsequent growing 
seasons within areas of the giant Canada goose breeding range in South Dakota 
may allow SDGFP to allocate resources to areas of greatest need. 
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ABSTRACT

 Cloudiness observation and maximum and minimum air temperature based 
methods were used to estimate solar radiation for Brookings and Huron, SD 
venues. The cloud-based method can be used as a first approximation for estima-
tion of daily solar radiation (standard error of estimates were 3.3 and 6.0 MJ/m2 
for Brookings and Huron, respectively). An air temperature methodology had 
limited utility for time periods of less than seven days.

Keywords

Solar radiation, estimation, cloudiness, air temperature

INTRODUCTION

 Solar radiation is the primary energy source used for the evapotranspiration 
of water from an irrigated crop (Jensen and Haise, 1963). Hence, the availability 
of solar radiation data is a key to the development of reliable irrigation schedul-
ing programs. Solar radiation data sets are scare in South Dakota as Brookings is 
the only location having a continuous, long-term record initiated in 1962. Auto-
matic weather stations maintained by South Dakota State University are distrib-
uted throughout the State (Figure 1) but have incomplete records going back to 
the early 1980s for a few sites. Currently the National Oceanic and Atmospheric 
Administration (NOAA) maintains a data set of sky cover or cloudiness condi-
tions at Aberdeen, Huron, Rapid City and Sioux Falls. There is an interest in 
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the utilization of all available data that can be used to enhance the geographical 
distribution of solar radiation data sets for South Dakota.
 Two indirect methods have been proposed in the literature to estimate solar 
radiation from climatic data. The first uses cloudiness observations to estimate 
daily solar radiation and the second employs maximum and minimum daily air 
temperatures as a basis for radiation estimates. The objective of this paper is to 
evaluate the adequacy of using the two indirect methods to estimate solar radia-
tion for eastern South Dakota climatic conditions.

METHODS

 A procedure similar to that presented by Doorenbos and Pruitt (1977) was 
used to estimate solar radiation from cloudiness observations. Solar radiation at 
the surface of the earth is a function of extraterrestrial radiation and the transmis-
sion of that radiation through the atmosphere, which is largely dependent upon 
cloud cover. Doorenbos and Pruitt developed an equation that can be used to 
convert cloudiness observations to solar radiation.

 Rs = (0.25 + 0.5*n/N)*Ra .......................................................................[1]
 where Rs is solar radiation at the surface of the earth, MJ/m2  (1 Langley = 
0.04187 MJ/m2)
 n/N is the ratio of actual bright sunshine hours to maximum possible sun-
shine hours
 Ra is extraterrestrial radiation, MJ/m2 
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Figure 1.  Locations of automatic weather data network (AWDN) stations collecting solar 
radiation and other climatic data in South Dakota. Contact the Climatologist Office at SDSU for 
data sets and more details.

Figure 1. Locations of automatic weather data network (AWDN) stations collecting solar 
radiation and other climatic data in South Dakota. Contact the Climatologist Office at 
SDSU for data sets and more details.
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Cloudiness observations were recorded, using a scale of zero to ten, which were 
then converted to n/N values in accord with a procedure proposed by Doorenbos 
and Pruitt (Table1). It is preferable to use locally derived constants in Equation 1 
but such an analysis has not been completed for the Brooking site.

 Extraterrestrial radiation is only dependent on latitude and time of the year. 
Integration of irradiance received at the top of the atmosphere for a given time 
period is given by Duffie and Beckman (1980) as:

 Ra = {12*3600*Gsc*[1.0 + 0.33*cos(360*n/365)]/Pi} *
  cos(Phi)*cos(Del)*[sin(Omega2) - sin(Omega1)] +
  2*Pi*(Omega2 - Omega1)*sin(Phi)*sin(Del)/360 ............................ [2]
 where Ra is extraterrestrial radiation, Joules/m2 
 Gsc is the solar constant, 1353 Watts/m2

 n is the Julian date
 Phi is latitude, degrees
 Del is the declination of the sun, degrees   
 Omega1 and Omega2 are the angles of the sun from solar noon, degrees 
(Figure 2).

 Personnel in the Department of Agricultural and Biosystems Engineering at 
South Dakota State University recorded cloudiness observations three times per 
day, morning (8 am) noon, and  late afternoon (4 pm) at a Brookings, SD venue. 
Each day was subdivided into three equal segments and each cloudiness observa-
tion was assumed to be representative of the corresponding segment. Daily solar 
radiation was also measured with an Eppley pyranometer at the Brookings site.

Table 1.  Factors used to convert cloudiness observations to n/N  values.

Cloudiness 0 1 2 3 4 5 6 7 8 9 10

n/N value 0.95 0.85 0.80 0.75 0.65 0.55 0.50 0.40 0.30 0.15 0.00

SOLAR NOON

SUNRISE SUNSET

OM EGA

Figure 2. Sunrise solar angle relative to solar noon. 

Figure 2. Sunrise solar angle relative to solar noon.
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 Parameters of Equation 2 were defined as a  function of time. Duffie and 
Beckman (1980) give the declination of the sun as 

 Del = 23.45*{sin(360 * (284 + n))/365} ..................................................[3]
Declination of the sun constantly changes with time, however the assumption of 
a constant value for a day produces a negligible error.         
 Duffie and Beckman (1980) define the hour angle of the sun at sundown 
as

 N = arc cos {-tan(Phi)*tan(Del)} ..............................................................[4] 

It follows that the hour angle of the sun at sunrise is the negative of the hour 
angle at sundown. Since Omega1 and Omega2 are defined as the hour angles of 
the sun for the period of interest, Equation 4 was used to define these parameters 
as a function of time.
 The foregoing equations were incorporated into a PC computer spreadsheet. 
A six-year data set (1972-1974, 1982-1984) for the months of June, July and 
August were used in the analysis for calibration purposes. Only dates with three 
cloudiness observations were included in the data set which caused the removal 
of about one half of the dates. Cloudiness observations were used to estimate 
total solar radiation for each date. A second five-year (1985-1987, 1990-1991) 
independent data set was used for evaluation purposes.
 A second venue at Huron, SD was also used for evaluation purposes. Airport 
personnel collected cloudiness and measured daily solar radiation with a Li-Cor 
pyranometer during June, July and August of 1991 and 1992.
 Air  temperatures have also been  used as a basis for estimation of solar radia-
tion. Hargreaves and Samani (1982) developed an empirical relationship for this 
purpose.

 Rs = Kt*Ra*TD0.5 ....................................................................................[5]
 where Rs is global solar radiation, MJ/m2  
 Kt  is a calibration coefficient
 Ra is extraterrestrial radiation, MJ/m2  
 TD is air temperature difference (Tmax - Tmin), degrees C 

Daily maximum and minimum air temperature data (NOAA) along with solar 
radiation data values from the calibration data set were used to determine calibra-
tion constants, Kt values, on a daily basis. Daily values were then averaged over 
seven-day periods to obtain weekly values. Calibration constants were used with 
air temperature data to generate independent estimates of daily and weekly solar 
radiation values for comparison purposes. Note that equation 5 was originally 
developed for the estimation of long-term values such as mean monthly radia-
tion values.
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RESULTS AND DISCUSSION

Cloudiness-Based Procedure

 A linear regression relationship was developed for the daily measured and 
estimated solar radiation data based on cloudiness observations for the calibra-
tion data set (Figure 3). Three hundred and fifty four daily values were used to 
develop the following mathematical relationship

 MEAS = -1.27 + 0.943*EST ...................................................................[6]
 where MEAS is a measured daily solar radiation value, MJ/m2 
 EST is an estimated daily solar radiation value based on cloudiness observa-
tions,  MJ/m2 

The relationship with an R2 value of 0.71 and a standard error of estimate of 3.1 
MJ/m2 can now be used to make predictions of future daily solar radiation values 
if cloudiness data sets are available to make EST values. 
 An independent data set consisting of 204 daily values was used to evaluate 
the adequacy of Equation 6 for prediction purposes at the Brookings site (Figure 
4). The data have a similar scatter to those in Figure 3 but tend to center about 
the line of equality (1:1 line) with a standard error of estimate of 3.3 MJ/m2, 
similar to the Equation 4 value. A trendline relationship representing the data in 
Figure 4 has the following form

 PRED = 5.10 + 0.720*MEAS .................................................................[7]
 where PRED is a predicted daily solar radiation value based on cloudiness 
observations and Equation 6, MJ/m2 MEASURED vs ESTIMATED DAILY SOLAR RADIATION
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Equation 7 indicates that the proposed prediction procedure produced values 
that were too large for the cloudiest days (small measured values) and tended to 
be too small for the clear days with the most solar radiation. 
 The same procedure was used to make predictions for the Huron site us-
ing the independent Huron data set (Figure 5). It is readily apparent that the 
proposed prediction procedure produces daily radiation values that are smaller 
than measured values as most of the plotted values are below the line of equality 
(1:1 line). The standard error of estimate for the line of equality is 6.0 MJ/m2. A 
trendline relationship for the data values in Figure 5 is as follows

 PRED = -0.300 + 0.784*MEAS ..............................................................[8]

with a standard error of estimate of 3.1 MJ/m2 and an R2 of 0.73. The intercept 
is about zero, which is desirable, but the slope of the line shows an under predic-
tion for all daily values. Again there is a rather large spread in the plotted data 
which indicates that the estimation and prediction procedures are marginally 
accurate.
 The proposed prediction procedure did a better job for the independent 
Brookings data set than for the Huron data set. One possible reason is that those 
making the cloudiness observations at the two venues were different people. 
There is an element of subjectivity relating to the visual interpretation of a given 
cloudiness condition. Hence it would be recommended that each venue data set 
would contain a calibration period before the cloudiness observations would be 
used for prediction purposes. Another possible reason for the differences is that 
two different solar sensors were used at the two venues, but both were checked 

Figure 4. Predicted (based on cloudiness observations and a calibration equation) versus 
measured daily solar radiation values for an independent data set at Brookings, SD.
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Figure 4. Predicted (based on cloudiness observations and a calibration equation) versus 
measured daily solar radiation values for an independent data set at Brookings, SD. 
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for calibration and found to be satisfactory. Any difference in sensor accuracy 
would have minimal impact in explaining the lack of fit for the Huron data set.

Temperature-Based Procedure

 Calibration coefficients, Kt, were derived from measured daily solar radia-
tion and maximum and minimum air temperatures using a six-year (1972-
1974, 1982-1984) Brookings data set with 552 individual days. Daily coeffi-
cient values were quite variable, so seven-day mean values were determined be-
ginning on June 1 and continuing through the end of August (Table 2). Even 
the mean seven-day values for the six-year calibration period varied from 0.133 
to 0.158 with an overall mean of 0.145. Since there was no consistent trend 
in coefficient values over the three-month period of interest, the overall mean 
value was used for prediction purposes. Samani and Pessarakli (1986) recom-
mended a value of 0.156 for the Sioux Falls, SD area which would increase all 
predicted values by 7.6% if used in place of the 0.145 value. 
 The temperature-based procedure for predicting daily solar radiation values 
did not generate satisfactory results (Figure 6). Predicted values tended to be 
insensitive to corresponding measured daily values, as indicated by a near hori-
zontal trendline with a slope of 0.213 representing the data values. The complete 
trendline equation is

 PRED = 15.5 + 0.213*MEAS .................................................................[9]

PREDICTED (CLOUDINESS & EQUATION) vs M EASURED
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Figure 5. Predicted (based on cloudiness observations and a calibration equation) versus 
measured daily solar radiation values for an independent data set at Huron, SD. 

Figure 5. Predicted (based on cloudiness observations and a calibration equation) versus 
measured daily solar radiation values for an independent data set at Huron, SD.



272 Proceedings of the South Dakota Academy of Science, Vol. 84 (2005)

with a standard error of 3.0 MJ/m2 and an R2 of 0.17. The standard of error about 
the line of equality (1:1 line) was 6.1 MJ/m2. These statistics are summarized in 
Table 3. Seven-day mean predicted values had less scatter than the daily values 
and were more in agreement with measured seven-day mean values with a stan-
dard of error about the line of equality (1:1 line) of 2.6 MJ/m2 (Figure 7). The 
slope of the trendline is only 0.501, which is quite different from a desired value 
of 1.00, and the intercept has a value of 9.33 MJ/m2  that is far from zero. 
 A Huron independent data set was also used to evaluate the temperature-
based procedure. One hundred and eighty two daily values during 1991 and 1992 
indicated similar shortcomings as was found for the Brookings data set (Figure 
8). Data were scattered and tended to follow a horizontal trend, similar to the 

Table 2.  Mean 7-day Kt coefficient values for Brookings, SD.

7 DAY PERIODS STARTING ON JUNE 1

YEAR 1 2 3 4 5 6 7 8 9 10 11 12 13

1972 0.124 0.151 0.129 0.147 0.146 0.150 0.136 0.144 0.128 0.136 0.157 0.099 0.145

1973 0.150 0.131 0.142 0.139 0.134 0.158 0.136 0.142 0.153 0.139 0.146 0.103 0.141

1974 0.150 0.147 0.153 0.165 0.152 0.147 0.130 0.135 0.128 0.128 0.173 0.164 0.155

1982 0.164 0.144 0.164 0.150 0.135 0.149 0.161 0.158 0.180 0.147 0.138 0.152 0.126

1983 0.141 0.108 0.145 0.130 0.149 0.172 0.155 0.161 0.136 0.136 0.153 0.152 0.160

1984 0.119 0.117 0.140 0.185 0.174 0.172 0.135 0.139 0.145 0.122 0.147 0.172 0.156

AVERAGE 0.141 0.133 0.146 0.153 0.148 0.158 0.142 0.147 0.145 0.135 0.152 0.140 0.147
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Figure 6. Predicted (based on air temperature) versus measured daily solar radiation values for an 
independent data set at Brookings, SD. 

Figure 6. Predicted (based on air temperature) versus measured daily solar radiation 
values for an independent data set at Brookings, SD.
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Brookings results, and again did not follow the line of equality (1:1 line). Trend-
line statistics were similar to those associated with the Brookings daily values. 
Mean seven-day values were also similar to the Brookings data set with a standard 
of error about the line of equality (1:1 line) of 2.8 MJ/m2 (Figure 9). 
 Daily solar radiation predicted values were not reliable. Data scatter and 
insensitivity to changes in daily solar radiation (function of clouds) makes ap-
plication of the temperature-based method for use in the estimation of daily 
evapotranspiration very questionable. Weekly or seven-day predicted values are 
associated with smaller errors of estimate but have limited utility for daily irriga-
tion scheduling purposes. They could be used for periods of a week or more with 
a reasonable degree of confidence.

Table 3.  Summary of trendline statistics and standard errors about the 1:1 lines.

LOCATION DATA
INTER-
CEPT SLOPE

STD
ERROR R2

STD
ERROR
OF 1:1 
LINE

BROOKINGS DAILY 15.5 0.213 3.0 0.17 6.1
 7-DAY 9.33 0.501 1.5 0.53 2.6
HURON DAILY 12.6 0.329 2.3 0.48 5.3
 7-DAY 9.98 0.453 1.2 0.63 2.8

PREDICTED = INTERCEPT + SLOPE * MEASURED
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Figure 7. Predicted (based on air temperature) versus measured mean 7-day solar radiation values 
for an independent data set at Brookings, SD. 

Figure 7. Predicted (based on air temperature) versus measured mean 7-day solar radia-
tion values for an independent data set at Brookings, SD.
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PREDICTED (TEM PERATURE) vs M EASURED DAILY RADIATION
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Figure 8. Predicted (based on air temperature) versus measured daily solar radiation values for an 
independent data set at Huron, SD. 

Figure 8. Predicted (based on air temperature) versus measured daily solar radiation 
values for an independent data set at Huron, SD.
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Figure 9. Predicted (based on air temperature) versus measured mean 7-day solar radiation values 
for an independent data set at Huron, SD. 

Figure 9. Predicted (based on air temperature) versus measured mean 7-day solar radia-
tion values for an independent data set at Huron, SD.
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PROBABILITY FUNCTIONS FOR SOME
SOUTH DAKOTA SOIL PROPERTIES

Darrell W. DeBoer
Agricultural and Biosystems Engineering Department

South Dakota State University
Brookings, SD 57007

ABSTRACT

 Raw data sets stored in file cabinets or other obscure locations have limited 
utility even though they may have been formulated at considerable effort and 
expense. Large data sets of chemical and physical property values for soils in 
the proposed Lake Andes-Wagner and Oahe irrigation projects in South Dakota 
have been compiled during previous field investigations. Results of this study 
identify probability density functions (PDFs) that can be used to mathematically 
describe the frequency and magnitude of soil chemical property and saturated 
hydraulic conductivity values associated with the project areas.

Keywords

 Electrical conductivity, hydraulic conductivity, Lake Andes-Wagner, Oahe, 
pH, probability, salinity, selenium, sodium

INTRODUCTION

 Large data sets of chemical and physical property values for several soils have 
been compiled during previous field investigations related to two proposed ir-
rigation projects in South Dakota. The Lake Andes-Wagner Project was proposed 
for Charles Mix County in south-central South Dakota and the Oahe Project 
for Brown County and Spink County of north-central South Dakota. Much 
effort and many dollars were invested in the collection and compilation of the 
data sets. The purpose of this paper is to summarize the cumbersome data sets in 
the form of probability density functions so interested parties can use them for 
future analyses. 

METHODS

Lake Andes-Wagner Project Area

 Scientists of the SD Agricultural Experiment Station conducted field studies 
of Lake Andes-Wagner Project area soils in Charles Mix County during 1993 
(DeBoer et al., 1995). Soil samples were collected along two orthogonal transects 
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as illustrated in Figure 1. Each orthogonal transect consisted of east-west and 
north-south components. One orthogonal transect (Transect A) was positioned 
in the till area west of Choteau Creek and a second (Transect B) was located east 
of Choteau Creek in collapsed drift geologic material. Soil samples were collected 
at sites about 200 m, (every 1/8 mile), along the transects. Transect A contained 
72 sample sites (14.3 km, 8 7/8 miles) in the north-south direction and 59 
sample sites (11.8 km, 7 1/4 miles) in the east-west direction, while Transect B 
had 83 sites (16.7 km, 10 3/8 miles) in the north-south direction and 50 sites 
(9.9 km, 6 1/8 miles,) in the east-west direction. Each transect contained about 
130 sample sites.
 Four soil depths at each sample site were used in the investigation: 0.0-0.5 
m, 0.5-1.0 m, 1.0-2.0 m and 2.0-3.0 m (0.0-1.6 ft, 1.6-3.3 ft, 3.3-6.6 ft and 6.6-
9.9 ft). Soil samples were collected with a Giddings probe and a 76-mm (3 in) 
diameter core tube to a depth of 1.0 m. A 51-mm (2 in) diameter core tube was 
used to the 2.0-m depth and a 41-mm (1.6 in) diameter core tube down to the 
3.0-m depth. A depth-weighted value was determined for each chemical variable 
at every sample site and is designated as a composite profile (comp) value.
 Selenium (Se) concentration analyses were grouped into three operationally 
defined fractions (available (F1), conditionally available (F2) and unavailable 
selenium) (Chao and Sanzolene, 1989). Available Se and conditionally available 

Figure 1. Location of geological materials within the boundaries of the Lake Andes-Wagner 
Project area and the two soil sample transects used in the field investigations.

Figure 1. Location of geological materials within the boundaries of the Lake Andes-Wag-
ner Project area and the two soil sample transects used in the field investigations.
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Se were extracted from the same soil sample. Available Se was defined as 0.1 M 
KH2PO4 extractable. This includes the H2O-soluble and nonspecifically adsorbed 
selenate and the exchangeable, specifically adsorbed selenite. Conditionally avail-
able Se was defined as 4M HCL-extractable, which is the Se associated with 
oxide minerals (Fe, Mn and Al), amorphous minerals, carbonates, acid-volatile 
sulfides and acid-hydrolyzable organic matter. The Se in this fraction is not read-
ily available; however, it has the potential to become available with changes in 
pH or redox. Total Se was determined from a separate sample using a mixed acid 
digestion (Briggs and Crock, 1986). Unavailable Se was calculated as the differ-
ence between total Se and the sum of the available and conditionally available 
Se.
 Electrical conductivity (EC) values were determined by a method presented 
by Rhoades (1982). Likewise, pH and sodium adsorption ratio (SAR) values 
were determined by standard laboratory methods given by Rhoades (1982).
 Saturated hydraulic conductivity data were collected by the Bureau of Rec-
lamation (1985) for the project area. Pump-in, pump-out and piezometer tech-
niques were used to measure in situ conductivity values for the soils (Bureau of 
Reclamation, 1978). Depth weighted conductivity values were reported by the 
Bureau and are used in this study.

Oahe Project Area

 Bureau of Reclamation employees conducted field drainage investigations 
regarding chemical and water flow characteristics of soils within the boundaries 
of the Oahe Project area in Brown and Spink counties (Bureau of Reclamation, 
1974) as shown in Figure 2. Spink County data sets were collected in 1963, 1971 
and 1972 while the Brown County data were collected in 1973 and 1974. Soil 
samples were collected from Lake Plain subsoils at depths ranging from 1.2 to 
4.4 m (4 to 14.5 ft) in Spink County and to 5.7 m (18.5 ft) in Brown County. 
The soil sample depths were arbitrarily subdivided into three layers to discern 
chemical differences as a function of depth. The three layers were layer 1: 1.2 to 
2.1 m (4.0 to 7.0 ft), layer 2: 2.1 to 3.1 m (7.0 to 10.0 ft) and layer 3: 3.1 to 
4.4 or 5.7 m (10.0 to 14.5 ft or 10.0 to 18.5 ft). The dimensions of the top two 
layers are similar to the second and third layers of the Lake Andes-Wagner study. 
Composite profile values were not determined for Oahe Project soils because soil 
samples for the three layers were not always collected at the same sample site.
 Most of the soil hydraulic conductivity tests were conducted in situ where 
water tables or saturated soil conditions were not present. In this case, the shal-
low well pump-in test was used to obtain saturated hydraulic conductivities 
(Bureau of Reclamation, 1978). When water tables were present, single auger 
pump-out tests were used. However, the data sets used in this study should be 
considered as pump-in data sets. Five centimeter diameter undisturbed soil cores 
were collected at each of the test sites. A portion of each core was used for chemi-
cal analyses in the laboratory. 
 Chemical properties evaluated in the investigations were the electrical con-
ductivity (EC), pH and sodium (Na %) or exchangeable sodium percent (ESP) 
of aqueous extracts of soil pastes. Bureau of Reclamation personnel conducted all 
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laboratory analyses. Specific laboratory procedures used for the chemical analyses 
are unknown because personnel associated with the project were not available for 
consultation.

Statistical Representations

 Each data set will be represented mathematically by a Probability Density 
Function (PDF) which is an equation that can be used to describe the frequency 
of occurrence and the range of soil parameter data values. Such an equation can 
be readily adapted to computer computations and simulations. A PDF consists 
of a dependent parameter (Y), an independent parameter (X) (for example, soil 
salinity as measured by electrical conductivity) and constants derived from an 
analysis of the soil data sets (for example, A, B, C and D) and can be represented 
in the following general form.

    Y = f (X,A,B,C,D)

Figure 2. Collection location of Brown and Spink County data sets. 

Figure 2. Collection location of Brown and Spink County data sets.
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 Four common PDFs (Haan, 1977) were considered for application in this 
study and are as follows:

The Exponential PDF: Y = Ae–BX

The Log-Normal PDF: Y = (A/C)(1/X)e_0.5{〈(L–B)/C〉2}

    where L = natural logarithm of X = ln (X)

The Normal PDF: Y = (A/C)e_0.5{〈(X–B)/C〉2}

The Weibull PDF: Y = AXBe–(XC/D)

 Cumulative distribution equations can also be mathematically expressed as 
follows:

Exponential:  Z = 1 - e–BX

Weibull:  Z = 1 - e–(XC/D)

Cumulative distributions for the log-normal and normal PDFs are difficult to 
obtain so it is recommended that one use an applied statistical reference such as 
Haan (1977) to properly use these two PDFs or to take advantage of the cumula-
tive curve generating capacity of the SAS Institute (1999) computer program.
 Examples of observed values, a representative Weibull PDF and a compan-
ion cumulative distribution for the saturated hydraulic conductivity data set of 
Spink County in the Oahe Project area are presented in Figure 3. The agreement 

Figure 3. Observed, Weibull PDF and cumulative values for the Spink County saturated 
hydraulic conductivity data set.
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Figure 3. Observed, Weibull PDF and cumulative values for the Spink County saturated hydraulic
conductivity data set. 
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between observed and PDF values is one of the best for all data sets analyzed 
in this reported study. The cumulative value curve represents a sum of the area 
under the PDF curve moving from left to right and increasing to a maximum 
value of 556, the total number of data values in the data set. Normally, decimal 
equivalent values are used to describe such statistical distributions. Thus, values 
on the vertical axes of Figure 3 need to be converted to decimal equivalents by 
dividing each value by the total number of values in the data set (N = 556) as 
shown in Figure 4. The decimal form of the cumulative curve is used to estimate 
probabilities of occurrence. 
 The Kolmogorov-Smirnov and Cramer-von Mises goodness-of-fit statistics 
were employed to ascertain whether or not a given PDF could be used to de-
scribe a field data set (SAS Institute, 1999). In addition, the chi-square statistic, 
a less discerning statistic, was also used to evaluate data sets that appeared to 
have reasonable PDF fits but were not justified by the Kolmogorov-Smirnov and 
Cramer-von Mises statistics (Ostle, 1963).
 Chemical parameter values of collapsed drift and till geological materi-
als were represented in the Lake Andes-Wagner data sets. Visual inspections 
indicated that the shapes of the frequency distributions for a specific chemical 
parameter were similar for the two materials. So a statistical “t” test was used 
to determine if the means of the two data sets in question were statistically dif-
ferent from each other. If they were not, the data sets were combined into one 
combined data set.
 The range of each data set was subdivided into 10 to15 classes as suggested 
by Haan (1977). Then data histograms were determined using the predetermined 
class widths for PDF analyses. Data histograms were used to identify “outlier” 
data values that were substantially larger than most of the data set values and 

SATURATED HYDRAULIC CONDUCTIVITY
OAHE PROJECT AREA       SPINK COUNTY

0.00

0.05

0.10

0.15

0.20

0.25

0.0 1.0 2.0 3.0 4.0 5.0 6.0
HYDRAULIC CONDUCTIVITY (cm/h)

N
U

M
B

ER
 O

F 
VA

LU
ES

0.00

0.20

0.40

0.60

0.80

1.00

1.20

C
U

M
U

LA
TI

VE
 V

A
LU

ES

OBSERVED VALUES
WEIBULL PDF VALUES
CUMULATIVE VALUES

N = 556
0.27

0.47

Figure 4. Decimal representations of the Figure 3 data set.

Figure 4. Decimal representations of the Figure 3 data set.
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caused standard deviation values to be non-representative of the data sets. The 
“outlier” data values were removed from data sets used for subsequent analyses. 
A maximum of about 6 % of the data values were removed from two available 
selenium data sets with an average of about 2 % for all the Lake Andes-Wagner 
Project chemical variable data sets. No “outliers” were removed from the Oahe 
Project chemical variable data sets. Three data values out of 355 were removed 
from the Brown County, layers 1 and 3 hydraulic conductivity data set. No other 
data were removed from the remaining hydraulic conductivity data sets.

RESULTS

Chemical Parameters

 Lake Andes-Wagner Project Area. Means, standard deviations and the 
number of data values in each final data set are summarized in Table 1. Prob-
ability density function (PDF) parameter values were determined for the readily 
available selenium (F1), conditionally available selenium (F2), total selenium 
(TOT), electrical conductivity (EC), pH and sodium adsorption ratio (SAR) 
data sets as presented in Table 2. The Exponential, Log-Normal, Normal and 
Weibull PDFs can be used to describe 2, 23, 3 and 10 data sets, respectively. 
Three data sets could not be described with a PDF. Most of the selenium and 
EC PDFs are valid for both the drift and till geologic materials while the pH 
and SAR PDFs tend to be specific for each material. Examples showing excellent 
and good agreement between field data sets and PDFs are illustrated in Figures 
5 and 6. Likewise, an example of a data set which could not be described by a 
PDF is presented in Figure 7. Figure 8 shows a data set-PDF scenario where the 
chi-square “goodness of fit” criterion was used to justify use of the Log-Normal 
PDF.
 Oahe Project Area. Means, standard deviations and the number of data val-
ues in each final data set are summarized in Table 3. About one half of the data 
sets could not be described by a PDF (Table 4). The electrical conductivity (EC) 
data sets for Spink County followed Log-Normal PDFs and three of the possible 
six pH PDFs followed a Normal distribution. A Weibull PDF can be used to 
describe the exchangeable sodium percentage (ESP) data set for the second soil 
layer (2.1 to 3.1 m) in Brown County. The ESP data set for the third layer (3.1 to 
5.7 m) is an example of a data set that could not be described by a PDF (Figure 
9).

Hydraulic Conductivity

 Lake Andes-Wagner Project Area. Means, standard deviations and the 
number of data values in each final data set are summarized in Table 5. The drift 
and till data sets are statistically different from each other and are defined by 
individual Log-Normal PDFs (Table 6). Mean conductivity values for the drift 
(N = 65) and till (N = 77) data sets are 3.49 and 1.12 cm/h, respectively. Figure 
10 shows a good agreement between observed and PDF values for the drift data 
set. 



Table 1. Mean and standard deviation values for the chemical property data sets of 
soils in the Lake Andes-Wagner Project area. “Outlier” data were removed from original 
data sets.

CHEMICAL 
PARAMETER

SOIL
LAYER*

SOIL
MATERIAL

NUMBER OF 
DATA VALUES  MEAN

STANDARD 
DEVIATION

F1 - Se 1 DRIFT&TILL 254 53.8 ppb 29.1 ppb
F1 - Se 2 DRIFT&TILL 249 147.0 ppb 180.4 ppb
F1 - Se 3 DRIFT&TILL 250 427.1 ppb 557.5 ppb
F1 - Se 4 DRIFT&TILL 253 500.6 ppb 636.1 ppb
F1 - Se Comp DRIFT&TILL 259 415.7 ppb 524.4 ppb
F2 - Se 1 DRIFT 131 255.5 ppb 92.9 ppb
F2 - Se 2 DRIFT 131 418.8 ppb 211.6 ppb
F2 - Se 1 TILL 125 199.8 ppb 93.4 ppb
F2 - Se 2 TILL 127 361.4 ppb 207.3 ppb
F2 - Se 3 DRIFT&TILL 255 521.8 ppb 290.7 ppb
F2 - Se 4 DRIFT&TILL 258 689.1 ppb 378.4 ppb
F2 - Se Comp DRIFT&TILL 258 522.1 ppb 250.2 ppb
TOTAL - Se 1 DRIFT&TILL 259 892.1 ppb 282.1 ppb
TOTAL - Se 2 DRIFT&TILL 255 881.8 ppb 467.9 ppb
TOTAL - Se 3 DRIFT&TILL 253 1219.0 ppb 883.0 ppb
TOTAL - Se 4 DRIFT&TILL 253 1487.0 ppb 984.4 ppb
TOTAL - Se Comp DRIFT&TILL 259 1277.0 ppb 760.6 ppb
EC 1 DRIFT&TILL 256 1.24 dS/m 1.23 dS/m
EC 2 DRIFT&TILL 236 3.97 dS/m 2.86 dS/m
EC 3 DRIFT&TILL 263 6.09 dS/m 3.03 dS/m
EC 4 DRIFT&TILL 264 6.11 dS/m 3.00 dS/m 
EC Comp DRIFT&TILL 264 4.98 dS/m 2.19 dS/m
pH 1 DRIFT&TILL 264 7.90 0.363
pH 2 DRIFT 131 7.80 0.282
pH 3 DRIFT 130 7.63 0.244
pH 4 DRIFT 132 7.62 0.314
pH Comp DRIFT 132 7.69 0.179
pH 2 TILL 131 7.89 0.286
pH 3 TILL 130 7.72 0.311
pH 4 TILL 128 7.72 0.311
pH Comp TILL 131 7.79 0.158
SAR 1 DRIFT 133 2.39 2.90
SAR 2 DRIFT 133 3.29 3.05
SAR 3 DRIFT 133 4.85 4.14
SAR 4 DRIFT 133 4.91 4.18
SAR Comp DRIFT 133 4.20 2.89
SAR 1 TILL 127 0.63 0.84
SAR 2 TILL 131 2.16 2.18
SAR 3 TILL 128 3.27 2.76
SAR 4 TILL 130 3.84 2.79
SAR Comp TILL 131 3.00 2.18

*LAYER 1 (0.0-0.5 m); LAYER 2 (0.5-1.0 m); LAYER 3 (1.0-2.0 m); LAYER 4 (2.0-3.0 m); LAYER Comp (0.0-3.0 m, 
COMPOSITE)
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Table 2. Probability density function (PDF) parameters for the chemical properties of soils in 
the Lake Andes-Wagner Project area.

 PDF CHEMICAL 
PARAMETER

SOIL 
LAYER

SOIL
MATERIAL

PDF PARAMETER VALUES APPLICABLE 
DATA RANGE A  B  C  D

Exponential SAR 2 TILL 0.370 0.463   0 – 8.8
 SAR 3 TILL 0.306 0.306   0 – 11.0
Log-Normal F1 - Se 1 DRIFT&TILL 3.99 3.86 0.507  0 – 160 ppb
 F1 - Se 2 DRIFT&TILL 23.9 4.34 1.21  0 – 900 ppb
 F1 - Se 3 DRIFT&TILL 79.8 5.09 1.62  0 – 2400 ppb
 F1 - Se 4 * DRIFT&TILL 99.7 5.20 1.72  0 – 3000 ppb
 F1 - Se Comp * DRIFT&TILL 79.8 5.23 1.34  0 – 2400 ppb
 F2 - Se 1 DRIFT 16.0 5.47 0.394  0 – 520 ppb
 F2 - Se 2 TILL 32.9 5.73 0.578  0 – 1120 ppb
 TOTAL - Se 1 * DRIFT&TILL 39.9 6.74 0.329  200 – 1800 ppb
 TOTAL - Se 2 DRIFT&TILL 79.8 6.66 0.490  200 – 3000 ppb
 TOTAL - Se 3 DRIFT&TILL 139.0 6.86 0.705  0 – 4200 ppb
 TOTAL - Se 4 DRIFT&TILL 139.0 7.08 0.702  0 – 5250 ppb
 TOTAL - Se Comp DRIFT&TILL 120.0 6.99 0.567  0 – 3900 ppb
 pH 1 DRIFT&TILL 0.0798 2.07 0.0458  6.7 – 8.9
 pH 2* DRIFT 0.0399 2.05 0.0358  7.2 – 8.6
 pH 2* TILL 0.0399 2.06 0.0360  7.2 – 8.6
 pH 3* DRIFT 0.0399 2.03 0.0318  7.0 – 8.3
 pH 3 TILL 0.0399 2.05 0.0335  7.0 – 8.5
 pH 4* DRIFT 0.0399 2.03 0.0411  6.8 – 8.6
 pH 4 TILL 0.0399 2.05 0.0302  6.9 – 8.5
 pH Comp DRIFT 0.0399 2.04 0.0231  7.3 – 8.4
 pH Comp TILL 0.0399 2.05 0.0203  7.2 – 8.3
 SAR 1 DRIFT 0.399 -0.0472 1.55  0.0 – 14.0
 SAR 1 TILL 0.200 -1.07 0.841  0.0 – 6.0
Normal EC 3 DRIFT&TILL 0.399 6.09 3.03  0 – 15.0 dS/m
 EC 4 DRIFT&TILL 0.399 6.11 3.00  0 – 14.0 dS/m
 EC Comp DRIFT&TILL 0.319 4.98 2.19  0 – 12.0 dS/m
Weibull F2-Se 1 TILL 0.000427 1.26 2.26 212,000 0 – 520 ppb
 F2-Se 2 DRIFT 0.000704 1.01 2.01 228,000 0 – 1040 ppb
 F2-Se 3 DRIFT&TILL 0.00103 0.900 1.90 184,000 0 – 1500 ppb
 F2-Se 4 DRIFT&TILL 0.000857 0.911 1.91 335,000 0 – 1950 ppb
 F2-Se Comp DRIFT&TILL 0.000151 1.23 2.23 1,480,000 100 – 1400 ppb
 SAR 2 DRIFT 0.290 0.0782 1.08 3.73 0 – 15.0
 SAR 3 DRIFT 0.275 0.177 1.18 6.86 0 – 20.8
 SAR 4 DRIFT 0.272 0.173 1.17 6.90 0 – 19.2
 SAR Comp DRIFT 0.174 0.524 1.52 10.5 0 – 14.4
 SAR Comp TILL 0.216 0.366 1.37 5.06 0 – 9.6
NONE EC 1 DRIFT&TILL      
 EC 2 DRIFT&TILL      
 SAR 4 TILL

* Statistical significance based on chi-square criterion.
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Figure 5. Excellent agreement between observed and Log-Normal PDF values for conditionally
available selenium at the 0.5 to 1.0 m depth in till material for the Lake Andes-Wagner Project 
area.

Figure 5. Excellent agreement between observed and Log-Normal PDF values for condi-
tionally available selenium at the 0.5 to 1.0 m depth in till material for the Lake Andes-
Wagner Project area.

SODIUM ADSORPTION RATIO
LAKE ANDES/WAGNER       DRIFT      COMPOSITE PROFILE (0.0-3.0 m)

0

5

10

15

20

25

30

35

0.6 1.8 3.0 4.2 5.4 6.6 7.8 9.0 10.2 11.4 12.6 13.8

SAR VALUES

N
U

M
B

EE
R

 O
F 

VA
LU

ES OBSERVED
WEIBULL

N = 133 

Figure 6. Good agreement between observed and Weibull PDF values for sodium adsorption 
ratios for a composite profile in collapsed drift material for the Lake Andes-Wagner Project area.

Figure 6. Good agreement between observed and Weibull PDF values for sodium adsorp-
tion ratios for a composite profile in collapsed drift material for the Lake Andes-Wagner 
Project area.
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EC DISTRIBUTION
LAKE ANDES/WAGNER     DRIFT AND TILL    LAYER 2 (0.5-1.0 m)
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Figure 7. A data set in the Lake Andes-Wagner Project area that could not be described by a PDF.

Figure 7. A data set in the Lake Andes-Wagner Project area that could not be described 
by a PDF.
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Figure 8. A data set where the chi-square “goodness-of-fit” was used to justify the use of a Log-
Normal PDF to describe the data set. 

Figure 8. A data set where the chi-square "goodness-of-fit" was used to justify the use 
of a Log-Normal PDF to describe the data set.
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Table 3. Mean and standard deviation values for the chemical property data sets of soils 
in the Oahe Project area.

CHEMICAL 
PARAMETER

SOIL
LAYER

SOIL
MATERIAL

NUMBER 
OF DATA 
VALUES  MEAN

STANDARD
DEVIATION

EC 1 BROWN CO 251 8.59 mmhos/cm 4.92 mmhos/cm
EC 2 BROWN CO 188 5.92 mmhos/cm 4.19 mmhos/cm
EC 3 BROWN CO 101 5.27 mmhos/cm 3.09 mmhos/cm
EC 1 SPINK CO 227 3.07 mmhos/cm 3.71 mmhos/cm
EC 2 SPINK CO 202 2.31 mmhos/cm 2.82 mmhos/cm
EC 3 SPINK CO 127 1.79 mmhos/cm 2.13 mmhos/cm
ESP 1 BROWN CO 251 8.76 % 5.28 %
ESP 2 BROWN CO 188 6.46 % 5.02 %
ESP 3 BROWN CO 101 5.70 % 3.73 %
Na (%) 1 SPINK CO 194 6.04 4.33
Na (%) 2 SPINK CO 156 5.13 3.64
Na (%) 3 SPINK CO 86 2.67 2.74
pH 1 BROWN CO 251 7.64 0.262
pH 2 BROWN CO 188 7.50 0.252
pH 3 BROWN CO 101 7.38 0.200
pH 1 SPINK CO 227 7.85 0.355
pH 2 SPINK CO 202 7.78 0.408
pH 3 SPINK CO 127 7.75 0.436

* LAYER 1 (1.2-2.1 m); LAYER 2 (2.1-3.1 m); LAYER 3 (3.1-4.4 m or 3.1-5.7 m)

Table 4. Probability density function (PDF) parameter values for chemical properties of 
Oahe Project soils.

PDF
CHEMICAL

PARAMETER
SOIL 

LAYER
SOIL

MATERIAL
PDF PARAMETER VALUES APPLICABLE

DATA RANGE A  B C  D
Log- EC 1 SPINK CO 0.399 0.525 1.11  0.0 – 16.0 mmhos/cm
Normal EC 2 SPINK CO 0.399 0.172 1.23  0.0 – 15.0 mmhos/cm
 EC 3 SPINK CO 0.399 -0.0820 1.21  0.0 – 11.0 mmhos/cm
Normal pH* 1 BROWN CO 0.0399 5.56 3.48  7.0 – 8.4
 pH* 2 BROWN CO 0.0399 7.50 0.252  7.0 – 8.4
 pH* 1 SPINK CO 0.0798 7.85 0.355  7.0 – 9.0
Weibull ESP* 2 BROWN CO 0.283 0.0711 1.07 7.56 0.0 – 22.0 %
NONE EC 1 BROWN CO      
 EC 2 BROWN CO      
 EC 3 BROWN CO      
 ESP 1 BROWN CO      
 ESP 3 BROWN CO      
 pH 3 BROWN CO      
 pH 2 SPINK CO      
 pH 3 SPINK CO      
 Na (%) 1 SPINK CO      
 Na (%) 2 SPINK CO      
 Na (%) 3 SPINK CO

* Statistical significance based on chi-square criterion.
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EXCHANGEABLE SODIUM PERCENT
OAHE PROJECT AREA    BROWN COUNTY    LAYER 3 (3.1 - 5.7 m)
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Figure 9. A data set in the Oahe Project area that could not be described by a PDF.

Figure 9. A data set in the Oahe Project area that could not be described by a PDF.

Table 5. Mean and standard deviation values for the saturated hydraulic conductivity 
data sets of Lake Andes-Wagner and Oahe Project area soils.

PROJECT 
AREA

SOIL
MATERIAL

NUMBER OF  
DATA VALUES  MEAN

STANDARD 
DEVIATION

LAKE ANDES-
WAGNER DRIFT 65 3.49 cm/h 3.49 cm/h

LAKE ANDES-
WAGNER TILL 77 1.12 cm/h 1.05 cm/h

OAHE SPINK COUNTY 556 1.28 cm/h 0.98 cm/h

OAHE BROWN COUNTY
LAYERS 1 & 3 352 0.99 cm/h 1.22 cm/h

OAHE BROWN COUNTY
LAYER 2 188 1.38 cm/h 1.54 cm/h
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Table 6. Probability density function (PDF) values for saturated hydraulic conductivity 
properties of Lake Andes-Wagner and Oahe Project area soils.

PDF
PROJECT

AREA
SOIL

MATERIAL

 PDF PARAMETER VALUES APPLICABLE 
DATA RANGE A  B  C  D

Log-
Normal

LAKE ANDES 
WAGNER DRIFT 0.319 0.701 1.16  0.0 – 15.0 cm/h

 LAKE ANDES 
WAGNER TILL* 0.0399 2.05 0.0203  0.0 – 5.0 cm/h

Weibull OAHE SPINK 
COUNTY 0.344 0.356 1.36 1.58 0.0 – 7.4 cm/h

 OAHE
BROWN 

COUNTY*
LAYERS 1 & 3

0.410 0.0321 1.03 1.01 0.0 – 7.0 cm/h

NONE OAHE
BROWN 

COUNTY
LAYER 2

*Statistical significance based on chi-square criterion.
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Figure 10. Good agreement between observed and Log-Normal PDF values for saturated
hydraulic conductivity in collapsed drift material of the Lake Andes-Wagner Project area. 

Figure 10. Good agreement between observed and Log-Normal PDF values for saturated 
hydraulic conductivity in collapsed drift material of the Lake Andes-Wagner Project 
area.
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 Oahe Project Area. A statistical test indicated that the conductivity data 
sets for the three soil layers in Spink County were not different from each other 
and could be represented by a composite data set (N = 556) and a Weibull PDF 
(Table 6 and Figure 3). The Weibull PDF can also be used to depict the similar 
and combined layer 1 and 3 data sets (N = 352) for Brown County while the 
layer 2 data set (N = 184) can not be describe by a PDF (Figure 11).

APPLICATION OF FINDINGS

 Two examples will be used to acquaint the reader with the utility of the study 
results.
 Example 1: What is the probability of having a saturated hydraulic conduc-
tivity value of 1.0 cm/h or less in Spink County? What is the probability of a 
value between 0.6 and 1.0 cm/h?
 Using the graphical presentation of the Spink County data set as found in 
Figure 4, we see that a cumulative value of 0.47 is associated with a 1.0 cm/h 
conductivity value which means that 47 % of the values can be expected to be 
less than or equal to 1.0 cm/h. Likewise, a value of 0.27 (27 %) is associated with 
a conductivity value of 0.6 cm/h. The difference between the 27 and 47 % values 
equals 20 % and indicates that 20 % of all values can be expected to be between 
conductivity values of 0.6 and 1.0 cm/h.
 Example 2: What is the probability of finding a conditionally available sele-
nium value between 800 and 900 ppb at a depth of 1.5 m (layer 3) in a till soil 

Figure 11. A data set in the Oahe Project area that could not be described by a PDF.
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Figure 11. A data set in the Oahe Project area that could not be described by a PDF.
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in the Lake Andes Wagner Project area?
 We know from Table 2 that the PDF for conditionally available selenium 
in the soil follows a Weibull mathematical equation and that A = 0.00103, B = 
0.900, C = 1.90 and D = 184,000. We also know that we are dealing with X 
values of 800 and 900 ppb.
 The cumulative Weibull equation becomes Z = 1 - e–(X1.90/184,000) and  
Z = 1 - e–(8001.90/184,000) for an X value of 800 ppb. This becomes 1.0 - e–1.78 which 
in turn becomes 1.0 - (0.168) and results in a value of 0.832. Likewise,  
Z = 1 - e–2.23 for an X value of 900 and we get 1.0 - (0.108) or 0.892. So the 
difference between the two Z values (0.892 - 0.832 = 0.060) gives us a 6.0 % 
probability of finding a conditionally available selenium value between 800 and 
900 ppb at a depth of 1.5 m in a till soil in the Lake Andes Wagner Project area. 
That means if we measured conditionally available selenium values for 100 soil 
samples at a 1.5 depth, we would expect to find 6 (100 times 0.060) samples 
with conditionally available selenium values between 800 and 900 ppb.

DISCUSSION

 Probability density functions are often used for computer modeling pur-
poses with the Log-Normal PDF being one of the most popular. Since the Log-
Normal is relatively simple to use, is bounded by zero on the left and is positively 
skewed, it has received wide acceptance in hydrologic studies (Haan, 1977). 
Parkin and Robinson (1992) presented a list of abiotic and biological variables 
that have been observed to be Log-Normally distributed including soil hydraulic 
conductivity, soil nitrate, soil denitrification, bacterial populations on leaves and 
species numbers. Doolittle et al. (1995) performed an analysis of the Lake Andes-
Wagner selenium data set assuming all data distributions followed a Log-Normal 
PDF. The results of this reported study show that the Weibull PDF does a better 
job of describing the conditionally available selenium (F2) data sets. 
 The Weibull PDF also can be used to describe several of the data sets con-
sidered in this study. It, like the Log-Normal, is bounded by zero on the left but 
is a four parameter relationship in contrast to the two parameter Log-Normal 
PDF. However, its cumulative relationship requires numerical values for only two 
parameters and can be expressed in a simple mathematical equation for analytical 
purposes.
 The Normal and Exponential PDFs were seldom the best PDFs for use with 
the data sets considered in this study. Fifteen of the 64 possible data sets inves-
tigated in this study could not be described by a PDF with 11 of them being 
chemical properties associated with the Oahe Project area.
 One other saturated hydraulic conductivity data set was collected in associa-
tion with the proposed CENDAK Irrigation Project east of the Missouri River 
in central South Dakota (Bureau of Reclamation, 1988). However, it contains 
an insufficient number of data values for the development of reliable PDFs.
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ABSTRACT

 Leptin is a protein hormone primarily produced by white adipose tissue 
that is involved in numerous physiological processes, but is most often associ-
ated with regulation of energy intake and expenditure.  Previous experiments 
have demonstrated that in some species, high circulating levels of leptin result 
in increased energy expenditure, decreased food intake, and a loss of lipid mass.  
However, little is known about the relationship between body composition and 
leptin in hibernators.  We characterized plasma leptin levels and body composi-
tion of captive thirteen-lined ground squirrels (Spermophilus tridecemlineatus) 10, 
15 and more than 20 days post-hibernation.  Plasma leptin concentration was 
positively correlated with body mass, lipid mass, and lean mass.  Percentage lipid 
significantly increased by 15 days post-hibernation and both plasma leptin values 
and lipid mass increased significantly by 20 days post-hibernation.  These results 
indicate that within post-emergent thirteen-lined ground squirrels patterns of 
leptin secretion are similar to patterns described for other hibernating species. 

Keywords

 Hibernation, body composition, leptin, South Dakota, Spermophilus tride-
cemlineatus 

 Leptin is a protein hormone primarily produced by white adipose tissue and 
to a lesser extent by placental tissue, bone marrow, stomach, brain, and muscle 
tissue (Baile et al. 2000, Considine 2001).  Leptin is synthesized by adipocytes 
in proportion to the amount of endogenous lipid (Baile et al. 2000) but plasma 
concentrations are also regulated by insulin, glucose, and sex hormones (Baile et 
al. 2000, Considine 2001).  Leptin sensitivity is noted in some species to change 
with season (Boyer et al. 1997, Ormseth et al. 1997, Rousseau et al. 2003), and 
diet (Harris et al. 2003, Hope et al. 1999).  Although implicated in the regula-
tion a myriad of physiological process including thermogenesis, gonadotropin se-
cretion, and immune function (Baile et al. 2000, Yu et al. 1995), its most promi-
nent role is in the regulation of food intake and energy expenditure.  Generally, 
elevated levels of plasma leptin result in decreased food consumption, reduced 
stores of body fat, and increased energy expenditure (Pelleymounter et al. 1995); 
therefore, it was theorized that the physiological role of leptin was to prevent 
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obesity (Weigle et al. 1995).  More recently however, Flier (1998) hypothesized 
that the physiological role of leptin is to signal the “switch” between levels of suf-
ficient and insufficient energy stores rather than preventing significant changes 
in body composition.
 To date, the majority of leptin studies have used rats or mice as model 
organisms.  Because hibernators show high amplitude circannual changes in 
body mass, body composition, and energy metabolism (Buck and Barnes 1999a, 
Michener 1984, Michener and Locklear 1990) they are a unique model for 
studying the relationship between plasma leptin levels and body composition.  
Hibernators of the genus Spermophilus undergo two episodes of profound hy-
perphagia per annum (Buck and Barnes 1999a).  Because they neither eat nor 
drink during hibernation, which in some species may last for more than 240 
days, they must accumulate significant endogenous fuel stores during their pre-
hibernation season to ensure their overwinter survival (Buck and Barnes 1999b, 
MacCarley 1966).  Endogenous fuels are conserved during hibernation through 
profound reductions of body temperature and metabolic rate (Buck and Barnes 
2000, Wang 1979).  The reproductive season of ground squirrels immediately 
follows the termination of hibernation in early spring.  This is the most energeti-
cally expensive portion of their annual cycle (Kenagy 1987, Kenagy et al. 1990); 
therefore, they must quickly recover lost energy stores in order to fuel the physi-
ology and behavior associated with reproduction (Buck and Barnes 1999a).  
 One could argue that it would be maladaptive for hibernators to show a 
“typical” behavioral or physiological response to plasma leptin levels since this 
would preclude the circannual, rheostatic control of appetite and body condi-
tion.  The only data examining plasma leptin concentration and body condition 
in obligate hibernators have been collected from two species, the arctic ground 
squirrel (Spermophilus parryii, Boyer et al. 1997, Ormseth et al. 1996) and the 
woodchuck (Marmota monax; Concannon et al. 2001).  Moreover, these current 
data on the role of leptin in the regulation of body condition in ground dwelling 
sciurids are confounding and might change significantly with season.  For ex-
ample, Ormseth et al. (1996) demonstrated that a continuous infusion of mouse 
recombinant leptin over a 3-week period to captive arctic ground squirrels during 
their pre-hibernation fattening period significantly reduced both food intake and 
body weight as compared to control animals and baseline values.  Yet, a similar 
infusion regime with arctic ground squirrels during their post-hibernation fat-
tening period in spring did not decrease food intake or body mass (Boyer et al. 
1997).  Furthermore, peak plasma leptin concentration of arctic ground squirrels 
in spring was significantly higher than in fall (Boyer et al. 1997, Ormseth et al. 
1996) and were much higher on average than in the woodchuck that exhibited 
no spring peak in plasma leptin concentration (Concannon et al. 2001).    
 This study is focused on thirteen-lined ground squirrels (Spermophilus 
tridecemlineatus) captured in southeast South Dakota.  Thirteen-lined ground 
squirrels are small, grass-lands dwelling Spermophiles that exhibit, like other 
ground dwelling sciurids, significant circannual changes in appetite, body mass, 
condition, metabolism, body temperature, and activity (Hall 1981, Meyer and 
Morrison 1960, Michener 1984, Walker et al. 1994).  The aim of our study was 
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to characterize the relationship between plasma leptin levels and body composi-
tion of post-hibernation thirteen-lined ground squirrels.    

METHODS

 Animals.  We live-trapped thirteen-lined ground squirrels (Spermophilus 
tridecemlineatus) in September and early October of 1999 and 2000 using Toma-
hawk® traps baited with carrot and peanut butter in Southeastern South Dakota, 
near the Lewis and Clark State Recreation Area (42° 92’ N, 96° 39’ W).  Follow-
ing capture, animals were transported to an animal holding facility at The Uni-
versity of South Dakota.  Animals where individually housed in hanging metal 
cages in a 12:12 LD photoperiod and at an ambient temperature (Ta) of 25°C 
before the start of the experiment.  Food (rodent chow, sunflower seed, and car-
rot) and water were provided ad libitum for the duration of the experiment.  At 
the start of the hibernation season in late October 2000, we placed animals into 
either 15-L NALGENE® tubs or hanging metal cages and transferred them to an 
environmental chamber with a 0:24 LD photoperiod and Ta  0.8 ± 0.6°C (mean 
± SD) .  Following termination of hibernation in spring, we transferred animals 
from the environmental chamber to the animal holding facility and maintained 
in a 12:12 LD photoperiod and Ta 25°C and provided with food and water ad 
libitum.  The University of South Dakota Institutional Animal Care and Use 
Committee approved all experiments and conditions of husbandry.  
 Blood samples and body composition.  We collected blood and euthanized 
animals 10 (n = 4), 15 (n = 5), or greater than 20 (n = 5; range 20-25 days) days 
post-hibernation.  We anesthetized animals with isoflurane vapors using bell-jar 
technique, weighed them to the nearest 0.5 g and collected between 2.5 and 3 
ml of blood by cardiac puncture using non-heparinized 25 gauge needles and 
3 cc syringes.  Immediately following collection, blood was transferred to vials 
containing EDTA, centrifuged at approximately 3000 rpm for 10 minutes, and 
the plasma portion was drawn off and stored at –70 ° C until assayed.  We de-
termined body composition of animals by homogenizing whole frozen carcasses 
with a meat grinder, drying two portions of approximately 10 g each to constant 
mass in a drying oven (60°C, 24 h), and extracting lipids using a Soxtec® ap-
paratus with 50-70 ml petroleum ether.  We calculated total lipid and lean mass 
by extrapolating average percentages of lipid and lean of the two portions to the 
whole animal mass.  
 Plasma leptin concentration.  Plasma leptin levels were measured by Linco 
Research, Inc (St. Charles, MO) using Linco Multi-Species radioimmunoassay 
kit (XL-85K) that has a minimal detectable level of 1.0 ng/ml. All samples ana-
lyzed fell within the detectable range of the assay for leptin
 Statistical evaluation.  We have presented all data as mean ± SEM un-
less otherwise stated and arcsine transformed percentage data prior to analysis.  
When assumptions of normality were not met, we square root transformed those 
data prior to analysis.  We used a Student’s t-test or one-tailed paired t-test for 
comparisons between two groups and one-way ANOVA followed by Tukey’s 
test for pairwise comparisons of multiple groups of parametric data.  We used 
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the Kruskal-Wallis test for analysis of multiple groups with non-parametric data 
and a Pearson Product-Moment Correlation to test for significant correlation 
between variables.  All differences were considered significant at P < 0.05.  

RESULTS

 Male and female thirteen-lined ground squirrels did not differ in plasma 
leptin concentration (t = -0.053, d.f. = 12, P = 0.959), body mass (t = 0.714, 
d.f. = 12, P = 0.489), lipid mass (t = -0.533, d.f. = 12, P = 0.603) percent lipid 
(t = -1.24, d.f. = 12, P = 0.240), or lean mass (t = 0.974, d.f. = 12, P = 0.349).  
Therefore, we pooled data from males and females for subsequent analyses.  
Groups of animals assigned to each of three sample period groups (10, 15, <20 
days post-hibernation) did not significantly differ in body mass prior to the on-
set of hibernation and averaged 220.6 ± 15.57g (F2,11 = 0.525, P = 0.606; Fig. 
1).  Body mass lost during hibernation was quickly recouped and returned to 
levels not significantly different from pre-hibernation levels by 15 d post-hiber-
nation (Fig.1).  Plasma leptin positively correlated with body mass (r = 0.766,  
P = 0.001; Fig. 2), grams of lipid (r = 0.844, P = 0.001; Fig. 2), percent lipid  
(r = 0.608, P = 0.02), and grams of lean (r = 0.627, P = 0.02; Fig. 2).  Plasma 
leptin concentration (F2,11= 6.925, P = 0.011) and lipid mass (F2,11 = 4.313,  
P = 0.041) increased significantly by 20 days post-hibernation (Fig. 3).  Per-
centage lipid significantly increased by 15 days post-hibernation (F = 5.629,  
d.f. = 2, 11, P = 0.029; q = 4.221, P< 0.05).  Neither post-hibernation body mass 

Figure 1.  Body mass ± SE of thirteen-lined ground squirrels prior to onset of hibernation 
and 10, 15, and >20 days post-hibernation.  Values within sample periods denoted by (*) 
are significantly different at P < 0.05.  Points represent means ± SEM; n = 4 for 10 days 
post hibernation and n = 5 for 15 and >20 days post hibernation.
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Figure 2. Plasma leptin concentration (ng/ml), body mass, lipid mass, and lean mass of 
individual thirteen-lined ground squirrels between 10 and >20 days of ending hiberna-
tion (n = 14).
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(F = 2.426, d.f. = 2, 11, P = 0.134) nor lean mass (H = 3.31, d.f. = 2, P = 0.20) 
significantly differed among sampling periods.  

DISCUSSION

 Our results describe the change in body condition of thirteen-lined ground 
squirrels in the ca. 20 days subsequent to ending hibernation and relate these 
changes to plasma concentrations of leptin.  Body condition and plasma leptin 
concentration increased significantly throughout the study period (Fig. 3). The 
patterns and amplitude of change in body condition and leptin concentration 
observed in this study are consistent with those of post-emergent arctic ground 
squirrels (Boyer et al. 1997, Buck and Barnes, 1999b).  Likewise, peak levels of 
leptin in spring of thirteen-lined ground squirrels in this study were comparable 
to peak spring levels of leptin reported by Boyer et al. (1997; thirteen-lined 
ground squirrels = 5.2 ± 0.7 ng/ml; arctic ground squirrels 4.48 ± 1.15 ng/ml).  
These levels, however, are >10 fold higher than peak values reported for wood-
chucks (Marmota monax) at any time in their annual cycle (Concannon et al. 
2001).  Moreover, the rapidity at which thirteen-lined ground squirrels increased 
plasma leptin concentration and recouped body mass in spring following the 
termination of hibernation was much greater than for woodchucks but similar 
to that described for Richardson’s ground squirrel (Michener 1992) and arctic 

Figure 3.  Plasma leptin concentration (ng/ml), body mass and lipid mass of thirteen-
lined ground squirrels 10, 15, and more than 20 days post-hibernation.  Values within a 
parameter that share a common superscript are not significantly different at P < 0.05. 
Points represent means ± SEM; n = 4 for 10 days post hibernation and n = 5 for 15 and 
>20 days post hibernation.
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ground squirrels (Buck and Barnes, 1999b).  Plasma leptin concentration of thir-
teen-lined ground squirrels had more then doubled between 10 and 20 days post 
hibernation and body masses were not significantly different from fall measures 
within 15 days of ending hibernation.  In comparison, woodchucks undergo a 
gradual rise in leptin concentration beginning in early spring and peaking in 
early fall (Concannon et al. 2001). 
 Woodchucks differ from both arctic ground squirrels and thirteen-lined 
ground squirrels in that they undergo a protracted season of mild hyperphagia 
to a single peak in body mass in the fall (Concannon et al. 2001).  Arctic ground 
squirrels and thirteen-lined ground squirrels undergo two seasons of profound 
hyperphagia per annum—one in the spring coincident with the end of hetero-
thermy just prior to reproduction and another in the fall immediately before 
immergence into hibernation.  It is likely that the greater mass of the woodchuck 
coupled with the metabolic savings of hibernation enables sufficient endogenous 
energy storage to preclude the need for a vernal period of hyperphagia.  Yet, it is 
unclear if or how leptin might be involved in this behavioral difference.  
 We could not detect a significant difference in lean mass or whole body mass 
of animals among sample periods.  We suspect that this is a statistical artifact 
of low sample size and the variability associated with using animals randomly 
captured from a wild population.  We were, however, able to detect strong and 
positive relationships between body mass and leptin concentration and lipid 
mass and leptin concentration (Fig. 2).  Together, these observations are consis-
tent with other studies that have demonstrated a positive relationship between 
adipose tissue mass and plasma leptin concentration (Considine et al. 1996, 
Frederich et al. 1995, Lonngvist et al. 1995, Maffie et al. 1995).  
 We found no difference in body condition or circulating leptin concentra-
tion between male and female ground squirrels.  Sex effects on leptin concentra-
tion have not been reported in other studies of ground dwelling sciurids; how-
ever, among humans, females have significantly greater leptin levels than males 
with equal body fat mass .  These differences are most likely due to estrogenic 
stimulation and androgenic inhibition of leptin production (Baile et a. 2000, 
Considine 2001). 
 Although the current study ended before leptin concentrations were suf-
ficient to elicit any anorectic effect and suppression of further body condition 
change, our results clearly demonstrate a strong relationship between body con-
dition and leptin concentration in thirteen-lined ground squirrels in the 20 days 
following the end of hibernation.  These results are comparable to other studies 
on ground squirrels, but differences in timing and magnitude of the change in 
body condition and leptin concentration, as compared to woodchucks, bring to 
light potential differences in patterns of leptin secretion that are consistent with 
life history characteristics.   
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ABSTRACT

 We sampled 110 sites that were randomly selected on wadeable reaches of 
South Dakota streams during the summers of 2001-04 as part of the Environ-
mental Monitoring and Assessment Program (EMAP) administered by the US 
Environmental Protection Agency.  The goal of the EMAP was a regional assess-
ment of river health, but data were also useful to better understand the status 
of fishes in South Dakota.  We used seining and electrofishing to collect 34,349 
fishes of 54 species representing 13 families.  Cyprinids made up 84% of the 
catch with fathead minnow (Pimephales promelas), sand shiner (Notropis stramin-
eus), and common shiner (Luxilus cornutus) composing the majority.  Twenty-
nine sites sampled in eastern South Dakota produced 20,273 fish and 81 sites 
sampled in western South Dakota produced 14,076 fish.  Eleven species were 
found only in eastern South Dakota, 17 found only in western South Dakota, 
and 9 species found statewide were skewed (>90% of catch) in one or the other.  
Five of the 12 state endangered or threatened species were collected including:  
eight blacknose shiners Notropis heterolepis, 27 central mudminnows Umbra limi, 
53 northern redbelly dace Phoxinus eos, 10 sturgeon chubs Macrhybopsis gelida, 
and 783 Topeka shiners Notropis topeka.  

Keywords

Fish, river, stream, distribution, abundance, endangered species.

INTRODUCTION

 The first comprehensive report on the fish fauna of South Dakota was pri-
marily a key to 81 species and general ecological information about each species 
(Churchill and Over 1933).    The next synthesis covered 93 species collected at 
137 sites, which included 72 sites on warmwater rivers, 20 sites on Black Hills 
coldwater streams, and 45 sites on lakes and ponds (Bailey and Allum 1962).  In 
the late 1980s, the need for updated information on river fishes was prompted 
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by the increase in introduced and exotic species, watershed developments that 
threatened water quality and habitat, lack of knowledge about species of concern 
(e.g., rare, threatened or endangered species), and the need for new methods for 
using fish data to assess river health.
 Most fish surveys since 1989 have been sponsored by the South Dakota De-
partment of Game, Fish and Parks (GFP) to address the goals of a strategic plan 
to improve and protect fisheries resources in the nearly 10,000 miles of classified 
streams (i.e. have legal designated uses and water quality standards) in 14 river 
basins (GFP 1994).  However, other surveys have added greatly to the volume 
and diversity of new information on South Dakota river fishes and their habitat.  
For example, the listing of the Topeka shiner (Notropis topeka) as a Federally 
endangered species in 1992 prompted surveys of many tributaries of the James, 
Vermillion, and Big Sioux Rivers (Wall et al. 2004).  Management of the Mis-
souri River prompted surveys of the remaining free-flowing portions (Berry and 
Young 2003).  There is much information on Black Hills streams because of their 
recreational importance (e.g., Erickson et al. 2001).
 The Environmental Monitoring and Assessment Program (EMAP) also 
added to the basic information on river fishes and habitat.  The goal of the na-
tionwide program was to develop biocriteria to assess the health of the Nation’s 
rivers at regional and national scales (Whittier and Paulsen 1992, Urquhart et al. 
1998, USEPA 1998).  In South Dakota, two research teams inventoried habitat 
and biota at randomly selected sites on two types of rivers: wadeable and non-
wadeable.  We conducted the biotic surveys on wadeable streams and report here 
the results for the fish collections.

METHODS

 The study was conducted during the summers of 2001-04; 110 sites were 
sampled (Figure 1).  Eighty-two sites were on tributaries to major rivers, the re-
mainder was wadeable sites on the main stem of the Bad, Big Sioux, Cheyenne, 
Grand, James, Keya Paha, Moreau, and Vermillion and White rivers. 
 The site selection method was a unique feature of this study.  Most sites were 
randomly selected by an Environmental Protection Agency computer program 
that produced a list of latitude and longitude coordinates for a point (termed the 
“X-location” at “environmental” sites, Figure 1) on each stream.  In addition, a 
group of least-impacted “reference” sites were selected based on best professional 
judgment of biologists and hydrologists.  Some reference sites were sampled each 
year as “multiple assessment” sites.  Field verification for each site was the first 
step to gain approved access, determine water conditions and develop an itiner-
ary. Each site consisted of a stream reach that was 40 times the mean wetted 
width or a minimum of 150 m with the X-location in the center of the reach.  A 
variety of physical and biological measurements were made at transects along the 
reach.    
 Fish were collected by electrofishing and seining depending on water qual-
ity and habitat.  A Smith-Root model 12-B, P.O.W. backpack electrofisher (DC 
pulsed, volts: 100 – 500, pulse rate: 60 Htz, pulse width: 6 ms) was used for 
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electrofishing.  Seines (9.23-m wide, 1.23-m high, 4.8-mm mesh; 1.23-m x 
1.23-m x 1.23-m bag and 4.64-m wide, 1.23-m high, 4.8-mm mesh; 1.23-m x 
1.23-m x 1.23-m bag) were used when water clarity was too low or conductivity 
was too high (>1500 uS) to electrofish.  Each fish was identified to species (see 
Table 1 for scientific name); exceptions were the Hybognathus sp., which are dif-
ficult to identify in the field (Loomis 1997).  Voucher specimens of each species 
were preserved for shipment to the Smithsonian Institution.

RESULTS

 A total of 34,349 fishes representing 55 species and 12 families (Table 1) 
were sampled from 2001-2004.  Native species made up 80 % of the catch.  
Cyprinids (84%) were the dominant family followed by Centrarchidae (4.1%), 
Catostomidae (3.8%) and Ictaluridae (3.1%).  Fathead minnows (24.2%), sand 
shiners (21.2%), and common shiners (7.7%) were dominant species.  The most 
common game fish was the channel catfish (n=346) for western South Dakota, 
while the black bullhead (n=247) was the most common in eastern South Da-
kota. The common carp was the only exotic species; we found 10 introduced 
species and one hybrid (Table 1).  Five threatened or endangered species were 
collected: blacknose shiner, central mudminnow, northern redbelly dace, stur-
geon chub, and Topeka shiner (Table 1).  
 Twenty-nine sites in eastern South Dakota produced 20,273 fish and 81sites 
sampled in western South Dakota produced 14,076 fish.  Eastern South Dakota 

Figure 1. Map of South Dakota depicting 110 sites sampled from 2001-2004.
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was dominated by fathead minnow (34%), sand shiner (15%) and common 
shiner (13%), while western South Dakota was dominated by sand shiner 
(30%), fathead minnow (10%), and flathead chub (9%).  Number of species was 
about the same but more fish were captured at fewer sites in Eastern South Da-
kota than in Western South Dakota (Table 1).  Eleven species were only found in 
eastern South Dakota and 17 only found in western South Dakota.  Nine were 
found statewide but were dominant (>90%) in one or the other (Table 1).  

DISCUSSION

 The EMAP project produced an abundance of data on the physical habitat 
and water quality of South Dakota streams, and on the invertebrates, periphy-
ton, and fishes present.  Fish tissues were submitted for contaminant analysis.  
These data are (or will be) available on the Internet (http://www.epa.gov/emap/, ac-
cessed 12/12/05).  A regionwide analysis of the data is forthcoming and may be 
similar to that for the Mid-Atlantic Highland Region (Angermeier et al. 2000).  
 For South Dakota specifically, the EMAP data added to knowledge of the 
distribution of fishes in South Dakota and were used to augment a statewide 
fisheries summary (Hoagstrom et al. unpublished).  An ichthyofaunal list was 
developed for the first time on Lake Creek (LaCreek National Wildlife Refuge).  
The range was extended for the spottail shiner (Grand River, 2001), the black-
nose shiner (North Fork of Yellow Bank River, 2004), and northern redbelly dace 
(Stink Creek, 2003). The northern redbelly dace is a relict species that has been 
documented in the clear, cool streams of Nebraska and North Dakota, so finding 
the dace in South Dakota fills the distribution gap (Morey and Berry 2005).  The 
endangered Topeka shiner was found during several years in Turkey Ridge Creek, 
but the finding in the Elm River was the first record in recent history.    Addition-
ally, the EMAP data allowed detailed analysis of the habitat needs of sand shiner, 
green sunfish and creek chub over multiple river basins (Morey 2004).  
 Partitioning South Dakota into “East River” and “West River” has a basis 
in geography, climate and river conditions (Hogan 1995).   All major rivers in 
South Dakota are tributaries to the Missouri River, but major river basins in the 
East River region lie in a north to south orientation where as those West River 
are oriented from west to east.  Streams in the sub-humid eastern part of the state 
are more benign than streams in the western semi-arid region of the state.  
 Based on stream flow patterns, there should be more tophic complexity of 
the fish assemblage, higher species richness, and more specialists species East Riv-
er than West River (Poff and Ward 1998, Milewski 2001).  The fish assemblages 
may also differ from east to west because post-glacial recolonization avenues dif-
fer (Bailey and Allum 1963, Hoagstrom and Berry In press).  The Missouri River 
may be a barrier to fish movement.  The East River sand shiner is N. s. stramineus 
whereas only N. s. missuriensis is found West River (Bailey and Allum 1963).  
Hoagstrom (unpublished data) has found that the subspecies remain distinct in 
the Cheyenne River. 
 Eleven species were found only East River and seven may be termed “East 
River” species.  Our findings for these seven species (i.e. central mudminnow, 
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blacknose dace, bluntnose minnow, rosyface shiner, Topeka shiner, tadpole mad-
tom, blackside darter) agree with distributions reported by Bailey and Allums 
(1963).  We probably did not find northern pike, bluegill, white crappie and 
walleye because they are rare in streams and we did not sample ponds or non-
wadable rivers where these species are probably more abundant.
 Thirteen species were typically West River species, particularly native spe-
cies such as flathead chub, plains minnow, sturgeon chub, mountain sucker, and 
plains killifish.  Introduced species (e.g., pumpkinseed, rock bass, golden shiner) 
may be present but rare in western rivers. 
 The EMAP data may someday be used at the regional scale to assess the qual-
ity of river ecosystems.  However, some results are immediately useful in South 
Dakota for a better understanding of the distribution and abundance of stream 
fish.  The East River-West River difference in fish assemblages can be added to 
the geologic, climate, economic, historical and cultural differences that are well 
known (McLaird 1989, Hogan 1995). 
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Table 1.  Fish collected during the EMAP study, classification, and percent of catch in 
western and eastern South Dakota. dash = not found, tr = trace or < 1% of catch, N = 
Native, I = Introduced, R = Rare, E = Exotic.

Family
Common and Scientific Name

 
Class

Western 
SD 

% of 
Catch

Eastern 
SD

% of 
Catch

Clupeidae    

   Gizzard shad, Dorosoma cepedianum N - tr
Hiodontidae    

   Goldeye, Hiodon alosoides N tr -
Salmonidae    

   Brook trout, Salmo trutta I 1% -
   Brown trout, Salvelinus fontinalis I tr tr
   Rainbow trout, Oncorhynchus mykiss I tr -
Umbridae    

   Central mudminnow, Umbra limi R - tr
Cyprinidae    

   Bigmouth shiner, Notropis dorsalis N 7% 5%
   Blacknose dace, Rhinichthys atratulus N tr 2%
   Blacknose shiner, N. heterolepis R - tr
   Bluntnose minnow, Pimephales notatus N - tr
   Brassy Minnow, Hybognathus hankinsoni N 1% 1%
   Central Stoneroller, Campos. anomalum N tr 2%
   Common carp, Cyprinus carpio E 1% 1%
   Common Shiner, Luxilus cornutus N tr 13%
   Creek Chub, Semotilus atromaculatus N 4% 4%
   Emerald shiner, N. atherinoides N tr tr
   Fathead minnow, Pimephales promelas N 1tr 34%
   Flathead chub, Platygobio gracilis N 8% -
   Golden shiner, Notemigonus crysoleucas N tr -
   Hybognathus species N 9% -
   Longnose dace, R. cataractae N 2% -
   Northern redbelly dace, Phoxinus eos R tr tr
   Plains minnow, Hybognathus placitus N tr -
   Red shiner, Cyprinella lutrensis N 6% 6%
   Rosyface shiner, N. rubellus N - tr
   Sand shiner, N. straminius N 30 15%
   *Spottail shiner, N. hudsonius N tr -
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Cyprinidae

   Sturgeon chub, Macrhybopsis gelida R tr -
   Topeka shiner, N. topeka R - 3%
Catostomidae    

   Mountain sucker, Catost. platyrhynchus N tr -
   *Quillback, Carpoides cyprinus N tr -
   River carpsucker, C. carpio N 1% tr
   Shorthead redhorse, Mox. macrolepidotum N 1% tr
   White sucker, Catostomus commersoni N 3% 2%
Ictaluridae    

   Black bullhead, Ameiurus melas N 3% 1%
   Channel catfish, Ictalurus punctatus N 2% tr
   Stonecat, Noturus flavus N 1% tr
   Tadpole madtom, N. gyrinus N tr tr
Cyprinodontidae    

   Plains killifish, Fundulus zebrinus N 1% -
   *Plains topminnow, F. sciadicus N tr -
Gasterosteidae    

   Brook stickleback, Culaea inconstans N - tr
Esocidae    

   Northern pike, Esox lucius N - tr
Centrarchidae    

   Black crappie, Pomoxis nigromaculatus I tr tr
   Bluegill, Lepomis macrochirus I - tr
   Green sunfish, L. cyanellus N 3% tr
   Hybrid – bluegill x green sunfish N tr -
   Largemouth bass, Micropterus salmoides I tr tr
   Orangespotted sunfish, L. humilis N 2% 3%
   Pumpkinseed, L. gibbosus I tr -
   Rock bass, Ambloplites rupestris I tr -
   White crappie, P. annularis I - tr
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Percidae    

   Blackside darter, Percina maculata N - tr
   Iowa darter, Etheostoma exile N tr 1%
   Johnny darter, E. nigrum I tr 4%
   Walleye, Stizostedion vitreum  N - tr
   Yellow perch, Perca flavescens I tr tr
TOTAL FISH 14,076 20,273

TOTAL SPECIES 43 39

* Identity of these species questionable, collected in 2002 when vouchers were not taken for all 
sites.
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ABSTRACT

 Development of improved turf-type buffalograsses [Buchloë dactyloides 
(Nutt.) Englem.] has increased demand for this native warm-season grass spe-
cies in recent years as a reduced-input turfgrass.  Buffalograss requires less water, 
mowing, fertilizer, and pesticides than more commonly used cool-season turf-
grasses and is well-adapted to the northern Great Plains.  Highly diverse popu-
lations of buffalograss native to South Dakota’s grasslands offer unique genetic 
potential for development of improved turf-type cultivars.  ‘Legacy’ and ‘118’ are 
commercially available buffalograsses that consistently rank high in national and 
regional tests.  The objective of this study was to compare a native buffalograss 
selection from South Dakota vs. ‘Legacy’ and ‘118’ at different mowing heights 
under non-irrigated, reduced-input conditions.  Results indicated that the South 
Dakota selection was as good or better in all criteria tested except genetic color.  
The results also suggest that collection and evaluation of South Dakota buffalo-
grass germplasm would be a worthwhile strategy to develop improved reduced-
input turfgrasses.

INTRODUCTION

 Turf-type buffalograsses are well-suited to the Great Plains as a reduced-in-
put turf.  Previous research has demonstrated the excellent drought and heat tol-
erance as well as cold hardiness of buffalograss (Johnson et al., 1997).  Compared 
to traditional cool-season turfgrass species, buffalograss requires less mowing, 
fertilizer, pesticides, and perhaps of greatest importance, water (Riordan et al., 
1993).
 Several turf-type buffalograsses developed since the 1980’s are well-adapted 
to the Northern Plains.  ‘Legacy’ (LG) and ‘118’ are registered, commercially 
available buffalograss cultivars developed at the University of Nebraska from 
selections obtained from stands in the Great Plains (Johnson et al., 2000; Rior-
dan et al., 2000).  Both buffalograsses are female clones with improved turf-type 
characteristics compared to forage-type buffalograsses and possess a darker color, 
finer leaf texture, shorter canopy height, and greater vigor than earlier buffalo-
grass releases (Johnson et al., 2000; Riordan et al., 2000).  In the 1996 National 
Turfgrass Evaluation Program (NTEP) buffalograss test, ‘118’ and LG ranked 
first and second, respectively, in mean turfgrass quality among vegetative culti-
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vars and had the shortest canopy heights among all cultivars (Morris, 2001).  In 
the same test, both LG and ‘118’ were among the top rated entries in turfgrass 
density and LG ranked first in genetic color.  The most recent (2002) NTEP 
buffalograss test does not include ‘118’, but ranks LG among the highest-rated 
entries in turfgrass quality, genetic color, and turfgrass density (Morris, 2005).  A 
1998 to 2000 evaluation of 16 commercial or experimental buffalograss entries 
at Brookings, S.D. ranked LG and ‘118’ among the top buffalograsses in turf-
grass quality, genetic color, and turfgrass density (Schleicher and Ness, 2001).
 Highly diverse buffalograss populations are traditional constituents of 
shortgrass and mixed grass prairies in South Dakota and other Great Plains 
states (Beetle, 1950).  In 1997, a buffalograss stand approximately 0.5-m diam. 
was discovered growing in a wildflower demonstration at McCrory Gardens in 
Brookings, S.D..  The demonstration was established in the 1980’s from native 
wildflower seeds collected near Pierre, S.D. (N.P. Evers, personal communica-
tion, 1997).  Evidently, the buffalograss stand originated from a single seed 
unintentionally included with the wildflower mix.  Buffalograss individuals in 
the stand were connected by stolons and all were female.  Plugs were vegetatively 
propagated in the greenhouse from a single original plant (hereafter referred to 
as SD) and planted on 15-cm centers at the N.E. Hansen Research Center near 
Brookings, S.D.  The accession was managed as a non-irrigated, reduced-input 
turf and observed from 1998 to 2001.
 The objective of this study was to compare a native South Dakota buffalo-
grass selection against two of the highest-rated commercial buffalograsses that are 
well-adapted to the northern Great Plains region under non-irrigated conditions.  
Results of this study will aid decision-making regarding the value of collecting 
additional germplasm from South Dakota grasslands to develop improved turf-
type buffalograsses.

MATERIALS AND METHODS

 Pre-rooted buffalograss plugs of LG, ‘118’, or SD were planted on 30.5-cm 
centers in one of three 1.5 m x 18 m field strips at the N.E. Hansen Research 
Center near Brookings, S.D. in 2001.  Each buffalograss strip was randomly 
divided into three replications of 1.5 m x 1.5 m plots consisting of four mow-
ing treatments: 2.5, 5.1, or 7.6-cm mowing height, or unmowed.  Mowed plots 
received twice-weekly mowing during the period of active seasonal growth.  
All plots were fertilized annually in June and again in July at 49 kg ha-1 with a 
complete fertilizer.  No supplemental irrigation was provided throughout the 
study except during the first month of establishment in 2001.  Turfgrass quality, 
genetic color, and spring greenup were rated visually on a 1 to 9 scale, where 
9=ideal and 5=acceptable.  Turfgrass density was calculated as the number of 
individual live plants in a 7.3-cm core taken randomly from each plot.  Broadleaf 
weeds were controlled postemergence in 2001-2002, but not 2003.  Individual 
dandelion plants were counted 26 May 2003 to provide a comparison of weed 
infestation vs. mowing height.
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 Data were analyzed as a split-block (strip plot) experimental design arranged 
in three randomized complete blocks with buffalograss types as the horizontal 
factor and mowing treatment as the vertical factor (Gomez and Gomez, 1984).  
Analyses of variance were performed using the general linear model procedure 
(GLM) (SAS Institute, 1991).  Mean separations were calculated using Fishers 
Least Significance Difference test (LSD) at the 0.05 probability level.  Pre-
planned comparisons of means between SD vs. mean of LG &‘118’ for each 
mowing treatment were performed using the SAS® System for Linear Models 
Contrast statement (SAS Institute, 1991).

RESULTS AND DISCUSSION

Precipitation

 Figure 1 illustrates daily precipitation during the growing season at 
Brookings, S.D. from 2001 to 2004.  During this period, Brookings remained 
on the eastern edge of moderate to severe drought conditions that affected South 
Dakota and other western states.  During the buffalograss growing seasons (Apr. 
to Sept.) from 2001 to 2004, 17 of the 24 months (71%) received less than 
normal precipitation (S.D. Office of Climatology, 2005).  These conditions 
provided an excellent opportunity to evaluate non-irrigated buffalograss under 
moisture deficit conditions.

Figure 1. Daily precipitation during four growing seasons at Brookings, SD, 2001-2004.
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Cultivar comparison

 SD turfgrass density was greater than the other two buffalograsses when 
averaged across mowing heights in 2003, but there was no difference in density 
among the three buffalograsses in 2004 (Table 1).  Pre-planned comparisons of 
SD vs. LG & ‘118’ at each mowing height showed a greater SD density in the 
unmowed plots, but not the mowed plots in 2003 (Table 2).  Genetic color of 
both SD and LG was better than ‘118’ in 2003 and 2004.  Although there was 
no color difference between SD and LG in 2003, LG color was better than SD 
in 2004 (Table 1).  A highly desirable characteristic of turf-type buffalograss is 
a darker color compared to earlier forage types.  LG consistently ranks high in 
genetic color in NTEP tests (Morris, 2001; 2005).  Although LG was darker in 
genetic color than SD in 2004 (Table 1), it should be noted that SD visually 
appeared ‘greener’ than the darker blue/gray color of LG.  
 Contrasts of SD vs. LG & ‘118” clearly indicated superior SD turfgrass 
quality in unmowed plots for all years as well as 7.6 cm plots in 2002 (Table 3).  
Turf-type buffalograsses that green up earlier in spring and enter dormancy later 
in fall are desirable aesthetically because they lengthen the season of green turf 
in the landscape.  SD greened up earlier in spring than LG in 2002 and 2003 
and earlier than ‘118’ for all years when averaged across mowing heights (Table 
1).  Pre-planned comparisons of SD vs. LG & ‘118’ for each mowing treatment 
showed that SD greened up earlier at all mowing heights and years except for the 
unmowed plots in 2003 and 2004 (Table 3).

Effect of mowing height

 Data in Table 2 support previous research results demonstrating the rela-
tionship between mowing height and turfgrass density; i.e., density generally 

Table 1. Comparison among three buffalograss cultivars for turfgrass density, genetic 
color, turfgrass quality, and spring greenup.†

DENSITY
GENETIC 
COLOR‡

TURFGRASS 
QUALITY§

SPRING
GREENUP¶

Cultivar 2003 2004 2003 2004 2002 2003 2004 2002 2003 2004

plants cm-2 1 to 9 scale
SD 0.62 0.83 5.42 5.58 6.75 6.75 6.92 5.92 4.17 5.67
LG 0.44 0.75 6.17 6.08 6.42 7.00 7.00 5.17 3.58 4.92
‘118’ 0.47 0.80 4.50 4.67 4.17 5.75 6.17 3.00 2.00 3.92
Mean 0.51 0.79 5.36 5.44 5.78 6.50 6.69 4.69 3.25 4.83
LSD (P ≤ 0.05) 0.12 NS 0.95 0.44 0.38 0.33 0.30 0.38 0.33 0.81

†Values are means averaged across 4 mowing heights.
‡ Genetic color, 1 to 9, where 1=brown, 9=dark green
§ Visual quality, 1 to 9, where 1 = dead, 5 = acceptable, 9=excellent
¶ Spring greenup, 1 to 9, where 1 = fully dormant, 9=no dormancy
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increases as mowing height is reduced (Beard, 1973).  When averaged across all 
buffalograsses, turfgrass density ranged from 0.59 to 0.38 plants cm-2 in 2003 
and 0.94 to 0.60 plants cm-2 in 2004 from the lowest (2.5-cm mowing height) 
to the tallest (unmowed), respectively.
 There were no differences in turfgrass quality among plots mowed at 2.5, 
5.1, or 7.6 cm in any year; however, unmowed plots did not rate as high in qual-
ity as mowed plots (Table 2).  Shorter mowing heights were also related to earlier 
spring greenup (Table 2).  Mean spring greenup ratings from 2002 to 2004 were 
6.5, 5.0, and 3.6 for 2.5, 5.1, and 7.6 cm mowed plots, respectively, and 2.0 for 
unmowed plots.

Dandelion infestation 

 The number of dandelions increased as buffalograss canopy height decreased 
(Fig. 2).  Mean number of dandelions in plots mowed at 2.5, 5.4, and 7.6 cm 

Table 2. Turfgrass density and color rating comparisons between a South Dakota buf-
falograss selection vs. two commercially-available buffalograsses under four mowing 
height regimes.

TURFGRASS
DENSITY COLOR†

2003 2004 2003 2004

Mowing height Cultivar plants cm-2 1 to 9 scale

2.5 cm

SD 0.76 1.06 6.00 5.00
LG 0.42 0.83 6.67 5.33

‘118’ 0.57 0.92 5.00 4.00
SD vs. LG, ‘118’‡ NS NS NS NS

5.1 cm

SD 0.61 0.84 6.00 5.33
LG 0.45 0.84 7.00 6.00

‘118’ 0.58 0.98 4.00 4.67
SD vs. LG, ‘118’ NS NS NS NS

7.6 cm

SD 0.61 0.79 5.67 6.00
LG 0.55 0.79 5.67 6.00

‘118’ 0.42 0.69 5.00 5.00
SD vs. LG, ‘118’ NS NS NS NS

Unmowed

SD 0.49 0.62 4.00 6.00
LG 0.33 0.55 5.33 7.00

‘118’ 0.33 0.62 4.00 5.00
SD vs. LG, ‘118’ * NS NS NS

*, **, *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. NS, not significant.
† Color, 1 to 9, where 1=brown, 9=dark green
‡ SD vs. average of means for LG and ‘118’.



were 99.4, 48.8, and 24.9, respectively, while unmowed plots averaged 5.6 dan-
delions.  These data show that unmowed buffalograss, which ranged in height 
from 11 to 19 cm (data not shown) is very effective at controlling dandelion 
infestation.  The relatively few dandelions in unmowed buffalograss turf could 
easily be controlled with spot treatment of a non-selective herbicide during early 
spring or late fall when the buffalograss is dormant.

Summary

 Results of this study indicate that the South Dakota accession is comparable 
to two commercially-available buffalograsses under non-irrigated conditions.  
Although the genetic color of LG was better than the South Dakota entry, it 
should be noted that LG is among the highest-rated commercially available 
buffalograsses in terms of genetic color.  SD spring greenup was better than LG 
and ‘118’, which is an important consideration in the shorter growing seasons 
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Table 3. Turfgrass quality and spring greenup rating comparisons between a South Da-
kota buffalograss selection vs. two commercially-available buffalograsses under four 
mowing height regimes.

TURFGRASS QUALITY† SPRING GREENUP‡

2002 2003 2004 2002 2003 2004
Mowing height Cultivar 1 to 9 scale

2.5 cm

SD 6.67 7.00 6.33 7.67 6.67 8.33
LG 7.00 7.33 7.33 6.67 7.00 7.33

‘118’ 4.33 7.00 7.67 5.00 3.67 6.33
SD vs. LG, ‘118’§ * NS NS *** *** ***

5.1 cm

SD 7.00 7.33 7.67 6.67 4.67 7.00
LG 7.33 7.33 7.67 6.00 4.00 6.33

‘118’ 5.00 6.33 6.67 3.33 2.33 4.33
SD vs. LG, ‘118’ * NS NS *** *** ***

7.6 cm

SD 7.33 6.67 7.00 5.33 4.00 5.33
LG 6.67 7.00 7.00 4.67 2.33 4.00

‘118’ 4.33 5.67 6.33 2.67 1.00 3.00
SD vs. LG, ‘118’ *** NS NS *** *** ***

Unmowed

SD 6.00 6.00 6.67 4.00 1.33 2.00
LG 4.67 6.33 6.00 3.33 1.00 2.00

‘118’ 3.00 4.00 4.00 1.00 1.00 2.00
SD vs. LG, ‘118’ *** * *** *** NS NS

*, **, *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. NS, not significant.
† Visual quality, 1 to 9, where 1 = dead, 5 = acceptable, 9=excellent
‡ Spring greenup, 1 to 9, where 1 = fully dormant, 9=no dormancy
§ SD vs. average of means for LG and ‘118’.
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Figure 2.  Effect of mowing height on dandelion infestation in 2003.  Values are the mean ± SE of the 
mean of three replications of three buffalograsses. 

Figure 2. Effect of mowing height on dandelion infestation in 2003. Values are the mean 
± SE of the mean of the three replications of three buffalograsses.

Table 4. Effect of mowing height on buffalograss density, color, turfgrass quality, and 
spring greenup.†

Density Color‡ Turfgrass quality§ Spring greenup¶

Mowing height 2003 2004 2003 2004 2002 2003 2004 2002 2003 2004

plants cm-2 1 to 9 scale
2.5 cm 0.59 0.94 5.89 4.78 6.00 7.11 7.11 6.44 5.78 7.33
5.1 cm 0.55 0.89 5.67 5.33 6.44 7.00 7.33 5.33 3.67 5.89
7.6 cm 0.53 0.76 5.44 5.67 6.11 6.44 6.78 4.22 2.44 4.11

Unmowed 0.38 0.60 4.44 6.00 4.56 5.44 5.56 2.78 1.11 2.00
Mean 0.51 0.79 5.36 5.44 5.78 6.50 6.69 4.69 3.25 4.83

LSD (P ≤ 0.05) 0.16 0.16 1.15 0.51 0.85 0.96 1.65 0.46 1.66 1.28

† Values are means averaged across cultivars.
‡ Color, 1 to 9, where 1=brown, 9=dark green
§ Visual quality, 1 to 9, where 1 = dead, 5 = acceptable, 9=excellent
¶ Spring greenup, 1 to 9, where 1 = fully dormant, 9=no dormancy
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of the northern Great Plains.  SD density and quality were comparable to LG 
in plots mowed at 7.6 cm or left unmowed.  Results suggest that 1) the South 
Dakota accession in this study may have commercial potential as a reduced-in-
put turfgrass, particularly in non-irrigated, unmowed turf and 2) collection and 
evaluation of South Dakota buffalograss germplasm is a worthwhile strategy to 
develop reduced-input turfgrasses.
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A MULTIPLEX PCR ASSAY FOR
DIFFERENTIATING STRONGYLE NEMATODE

EGGS FROM SOUTH DAKOTA CATTLE

Aaron F. Harmon and Michael B. Hildreth
Biology & Microbiology Department

South Dakota State University
Brookings SD 57007

Dante S. Zalenga
USDA Agriculture Research Service

Beltsville, MD 20705

ABSTRACT

 Despite significant losses from strongyle parasites of cattle, there is still no 
practical method for differentiating eggs obtained from fecal samples. A multi-
plex PCR assay has recently been described to differentiate the eggs on the genus 
level. This assay was designed to detect DNA extracted from fecal eggs and was 
validated using DNA from larvae and eggs from experimentally-infected ani-
mals; however, the test has yet to be applied in the field on naturally-infected 
animals. To this end, we first infected two calves with Ostertagia ostertagi as a 
source of strongyle eggs. These eggs were used to develop an iodine solution 
based method for preserving strongyle eggs at room temperature and to assess 
more efficient methods for extracting DNA using commercially available kits 
that yield PCR products consistent with that reported previously for O. ostertagi. 
Subsequent to identifying the best method for DNA isolation, samples from 
4 naturally infected South Dakota herds were evaluated from Watertown, and 
both Ostertagia and Cooperia were found in all four herds. Haemonchus was also 
found in one of the 4 herds tested; however, PCR products coincident with the 
presence of Trichostrongylus and Oesophagostomum were not found.  The PCR 
products generated from each sample did not appear to be proportional to the 
number of eggs present in the sample.
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IDENTIFICATION OF LARVAL HABITATS
FOR CULEX TARSALIS IN BROOKINGS

COUNTY, SOUTH DAKOTA

Ryan J. Beyer, Joshua Seezs and M.B. Hildreth
Biology & Microbiology Department

South Dakota State University
Brookings SD 57007

ABSTRACT

 Culex tarsalis is a primary vector for West Nile Virus throughout western 
United States.  This species is commonly known as “the irrigation mosquito” 
because its larval stages are frequently found in greatest numbers in permanent 
or semi-permanent seepage areas and surface pools associated with irrigated pas-
tures.  Less is understood of the natural habitats used by these larvae, especially in 
regions of the Northern Great Plains where pasture irrigation is rarely practiced.  
During 2003, a study was initiated in Brookings County, SD to identify Cx. tar-
salis larval habitats, with primary focus on the more permanent aquatic habitats 
from this region (flowing and ponded streams, lake edges, swamps and marshes, 
shallow-permanent ponds, and natural and artificial containers.  The lack of Cx. 
tarsalis larvae in these habitats prompted a similar study in 2004 involving the 
same county, but focusing on more temporary-type habitats formed after rain 
events.  Culex tarsalis larvae could be found at various times all summer within 
one particular marsh area and artificial barrels containing growing vegetation, 
and in sporadic temporary puddles (usually lasting only a couple weeks) and 
shallow temporary pools (lasting 3-8 weeks) shortly after a significant rain event.  
At the beginning of summer, larvae were also found in shallow permanent ponds.  
Other mosquito larvae species were frequently found in ponded streams and 
natural containers (tree-holes) throughout the summer.  Mosquito larvae were 
not found along the edges of running streams or large ponds, or in tires.  Sites 
that yielded Cx. tarsalis larvae usually consisted of freshly formed shallow water 
containing significant vegetation.
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EXTRACTION OF DNA FROM OSTERTAGIA
OSTERTAGI EGGES USING COMMERCIAL DNA

EXTRACTION KITS AND A BEAD BEATER

Brian C. Lucas, Aaron F. Harmon and Michael B. Hildreth
Biology& Microbiology Department

South Dakota State University
Brookings SD 57007

ABSTRACT

 Strongyles are a common parasite among cattle in the United States. The 
name “strongyle”, refers to a group of nematode parasites of ungulates that are 
similar in appearance and ecology. Currently, there is not an effective way to 
morphologically differentiate eggs released from the various strongyle species 
infecting cattle. Molecular tools have recently been developed to identify DNA 
from the five genera of strongyles typically found in USA cattle. The central 
objective of the present study was to develop an effective method for extract-
ing DNA from strongyle eggs to facilitate PCR analysis.  Eggs floated from 
calves artificially infected with Ostertagia ostertagi were used for this study.  Two 
general approaches for breaching through the egg shell were compared.  The 
first approach involved cracking the egg shells with a commercial bead beater 
and ceramic beads.  This method lysed 100% of the eggs tested after only three 
minutes. The second method consisted of boiling the eggs in 1% SDS for five 
minutes, microwaving, and tray sonication yielded less than 50% egg lyses.  
Three commercial DNA extraction kits were evaluated based on the quantity of 
DNA recovered and the PCR products formed with appropriate primers. All of 
the kits worked effectively when eggs were successfully lysed with the egg beater. 
The Q-biogene Fast DNA kit was able to isolate DNA from 20 samples in ap-
proximately two hours.  With the optimal extraction method, Ostertagia ostertagi 
DNA could be detected with PCR using as few as two eggs.
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EFFECTS OF FIRE SUPPRESSION ON FOREST
ENCROACHMENT AND SOIL ORGANIC

CARBON IN NEWTON HILLS STATE PARK

Jennifer D. Onberg and Steven L. Matzner 
Department of Biology

Augustana College
Sioux Falls, SD 57197

ABSTRACT

 Fire suppression policies within our national park systems have resulted 
in dramatic changes in landscape composition during the last century.  One 
important result of this has been a change from more open grassland areas to 
more forested areas due to forest encroachment.  It is likely that this change has 
resulted in  an increase in the amount of carbon being stored both in above and 
belowground carbon pools. In effect, the forests, most of which are found in the 
Northern hemisphere, have acted as a net sink for the increased anthropogenic 
carbon emissions. The overall objective of the study was to determine if forest 
encroachment at Newton Hills State Park has also resulted in an increase in soil 
organic carbon (SOC). To determine this, tubes of soil were collected, using 
a manual hammer, from paired grassland/woodland sites where woodland ap-
peared to be a result of recent succession. Each soil tube was separated into three 
or four depth increments, each of which was analyzed on the SIRA-10 isotope 
ratio mass spectrometer to determine the δ13C and the percent SOC. The results 
indicated that both grassland and woodland soils showed similar isotope values 
at lower depths but the woodland soils showed a significant decrease (more 
negative) δ13C  above 10 cm indicating a shift from a more C4 grass signal to a 
more C3 plant signal.   In addition, forested soils had larger SOC values in the 
very shallow (0-1 cm) soil depth.  These results indicate both that forest en-
croachment has occurred at Newton Hills State Park and that encroachment has 
resulted in an increase in SOC, at least within the 0-1 cm depth. 

Keywords

Forest encroachment, soil organic carbon, δ13C, fire suppression
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USE OF REMOTE SENSING TECHNOLOGY
TO CHARACTERIZE RE-GROWTH OF VEGETATION 

FOLLOWING FOREST FIRES IN GLACIER
NATIONAL PARK, MONTANA

Kari Pabst, Heidi Underwood and Craig Spencer
Biology Department
Augustana College

Sioux Falls, SD 57197

Don Ohlen
EROS Data Center

Sioux Falls, SD 57198

ABSTRACT

 The 1988 Red Bench fire burned over 40,000 acres of coniferous forest in 
Glacier National Park.  A burn severity map of the Red Bench fire was prepared 
using pre and post-fire Landsat images and calculating the differenced Normal-
ized Burn Ratio (dNBR).  Regrowth of vegetation was then assessed within zones 
of different classes of burn severity to determine the effect of burn severity on the 
rate of ecological succession using the Normalized Difference Vegetation Index 
(NDVI).  We also traveled to the burn area for ground truthing work and to 
assess species composition.  Following intial colonization by various herbaceous 
species, much of the Red Bench burn has become dominated by dense growths 
of lodgepole pine (Pinus contorta).
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EFFECTS OF SOIL MEDIUM ON HYDRAULIC 
PROPERTIES OF COMMON BEAN 

Megan J. Jerke and Steven L. Matzner 
Department of Biology

Augustana College
Sioux Falls, SD 57197

ABSTRACT

 Various environmental factors (light, soil porosity, moisture level) can alter 
xylem structural properties and influence xylem cavitation resistance (ability to 
resist  aspiration of air bubbles into xylem).  Although environmental factors 
have been shown to alter xylem structural properties, it is unclear whether these 
changes affect whole plant water flow.  Common beans (Phaseolus vulgaris) were 
grown in either a normal “potting soil” (Control) or in “fritted clay” (High Po-
rosity).  Measurements of stem hydraulic conductivity (water flow rate per unit 
pressure gradient), specific conductivity (hydraulic conductivity divided by the 
cross sectional area of the stem), leaf specific conductivity (hydraulic conduc-
tivity divided by the total leaf area), leaf stomatal conductance, and total pot 
water loss were made.  In addition, total leaf area and maximum leaf area were 
compared between the two treatments.  Controls displayed greater leaf specific 
conductivity as well as greater plant water loss, plant weight and maximum leaf 
area.  Interestingly, beans grown in porous soil demonstrated higher midday 
stomatal conductance rates.  This apparently occurred because the High Porosity 
beans were more resistant to xylem cavitation.  Xylem tensions at midday in the 
beans were great enough to induce proportionally more cavitation in the Control 
plants resulting in lower midday stomatal conductance rates.  This study con-
firmed that an environmental factor such as soil porosity can affect both xylem 
structural properties as well as having a significant impact on whole plant water 
flow.  

Keywords 

Hydraulic conductivity, stomatal conductance, xylem cavitation, soil porosity
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MEASURING GENE EXPRESSION OF THE
HIGH MOLECULAR WEIGHT GLUTENINS IN

‘CHINESE SPRING’ WHEAT USING RT-PCR

Leslie M. Baehr, Jon H. Engbers,
Amanda J. Johnson and Michael K. Wanous

Department of Biology
Augustana College

Sioux Falls, SD 57197

ABSTRACT

 The high-molecular-weight (HMW) glutenin genes, located on the group 
1L chromosome arms, are a major determinant for baking quality in wheat 
(Triticum aestivum L.).  We previously identified chromosome regions influenc-
ing the expression of the HMW glutenins at the protein level (Wanous et al., 
2003. Theor. Appl. Genet. 106:213-220).  Now we have extended this analysis 
to expression of these genes at the transcriptional level using real time reverse 
transcription polymerase chain reaction (RT-PCR).  Primers and protocols for 
PCR amplification of the HMW glutenin genes were designed.  The amplified 
products ranged in size from 175 to 409 bp and targeted transcribed segments of 
the genes, making them well suited to gene expression studies utilizing RT-PCR.  
For Glu-B1-1, Glu-B1-2, and Glu-D1-2, primers were designed from sequences 
in Genbank, available on the NCBI website, using Lasergene MegAlign soft-
ware (DNASTAR) to find differences between the HMW glutenin genes, and 
Lasergene PrimerSelect software to design the primers.  The Glu-D1-1 primer 
sequences were obtained from D’Ovidio et al. (1995).  The primers and PCR 
protocols designed for each HMW glutenin gene were transferred to a Smart 
Cycler® II (Cepheid) instrument and optimized for RT-PCR.  RNA was isolated 
from wheat endosperm for gene expression analysis using RT-PCR.
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GROUND PENETRATING RADAR
SURVEY OF A POSSIBLE BURIED

FOREST BED, MADISON COUNTY, MT

Richard Faflak
Department of Natural Science

Northern State University
Aberdeen, SD 57401

ABSTRACT

 A Ground Penetrating Radar (GPR) survey was conducted over a continu-
ous 532 m (1740 ft) long transect at Willow Swamp, Madison County, Montana 
(Willow Swamp 7.5 min. Quadrangle) to determine the nature of subsurface 
deposits, their thickness, and stratigraphy.  A 6.5 m (20 ft) deep GPR profile was 
established employing a 300 MHz medium wavelength antenna and correlated 
by core samples.
 Willow swamp today is a high mountain bog at 2103 m (6960 ft) elevation 
situated in a pre-glacial depression.  The origin of the bog is attributed to the 
damming of a tributary valley by glacial ice in late Pinedale time (12,000-23,000 
BP).  Initially, a lake formed behind the residual lateral moraine.  Water level 
subsequently rose and eventually breached the moraine, leaving the present day 
bog as a remnant.  Geologic reconstruction indicated that lightly stratified sands 
and gravels accumulated in the glacial lakebed.  After breachment and drainage, 
the remnant lakebed provided a postglacial environment suitable for a stand of 
trees.  A forest appeared to have covered the entire former lakebed, as represented 
by GPR scans of what is interpreted to be residual stumps and disturbed soil 
patterns.  Overlying this unit is a sequence of organic clays and blue clays that 
imply reducing conditions.  Coring reached this unit, but not further (2.28 m).  
The uppermost unit consisted of dark sedge peat and silty organic clay.  The 
upper unit probably represents a wetland environment with a fluctuating water 
table.  It is suggested that beaver damming activity may have contributed to the 
continued existence of the wetland.  The age of the forest bed remains to be 
radiometrically dated.  It is, however, suggested that it is bracketed in age from 
late Pinedale (ca. 12000 BP) to perhaps Younger Dryas (9000-10000 BP).
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EVOLUTION OF TRAITS IN COMPLEX
ENVIRONMENTS: DROUGHT TOLERANCE

AND DEFENSE CORRELATIONS IN
CLOSELY RELATED CONGENERS

Riston Haugen, Lexi Steffes, and David H. Siemens
Black Hills State University

Spearfish, SD 57783

ABSTRACT

 Drought has obvious effects on primary plant functions such as vascular 
activity, growth, respiration/transpiration, etc., and the effects that drought 
has on presumed secondary plant functions, such as defense, have also been 
investigated, although the outcomes and mechanisms have been inconclusive.  
Even less is know about the effects of drought adaptations on defense expres-
sion. To investigate the effects of drought and adaptations to drought tolerance 
on defenses against herbivores, we compared two closely related congeners that 
segregate naturally into habitats that differ dramatically in water availability.  We 
compared these congeners experimentally for their ability to grow and defend 
in under water-deficient conditions.    The two species of Arabis that were used 
in the comparison, Arabis drummondii and Arabis holboellii, occur throughout 
western North America in mountainous habitats. A. holboellii exists at low to 
mid-altitudes in more arid environments, such as sage brush habitat typical of 
the great basin desert, and A. drummondii exists from mid to high altitudes in 
more moist environments, such as alpine meadows.
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 THE EVOLUTIONARY HISTORY AND THE
POSSIBLE SERIAL TRANSMISSION OF THE

PRION PROTEIN (PRNP) GENE

Forrest H. Cain, Cynthia Anderson and Shane Sarver
Center of Conservation of Biology Resources

Black Hills State University
Spearfish, SD 57799

ABSTRACT

 This project is designed to gain insight into several aspects of the prion 
protein gene. This is the gene responsible for several forms of spongiform en-
cephalopathies including mad cow disease and chronic wasting disease in deer 
and elk.  The two primary areas of interest are that of the evolutionary history of 
the gene and the possibility of serial transmission of the disease between species 
other than deer and elk. We are focusing on sequencing the PRNP gene from 
carnivores at this time to identify a connection between deer and elk that carry 
CWD and the predators and scavenvengers that feed on them. DNA has been 
successfully extracted and is being sequenced for the following animals; coyote, 
badger, raccoon, bobcat, lynx, skunk and pronghorn antelope. This data is then 
compared to a national data bank in the hopes of identifying similarities with 
previously sequenced specimens. The results of the sequences for these animals 
will be presented along with the evolutionary significance of this data will be 
discussed.
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POLYMERIZATION AND
CO-POLYMERIZATION OF LINSEED AND

SAFFLOWER OIL WITH DIVINYLBENZENE

Timothy R. Hightower and Jay D. Hereen
Black Hills State University

Spearfish, SD 57799

ABSTRACT

 Currently, the vast majority of commercial polymers are synthesized from 
polyunsaturated petroleum products.  Due to the limitation of these petroleum 
products, much work is needed to develop future polymers that can be derived 
from renewable natural resources. Many naturally occurring polyunsaturated fats 
and oils are readily available and are potentially useful polymers.  The application 
of linseed and safflower oil as renewable natural monomers has provided a variety 
of different bioplastics, which offer diverse physical properties ranging from hard 
to rubber-like plastics.
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SIMULTANEOUS EVOLUTION OF
DROUGHT TOLERANCE AND DEFENSE
AGAINST HERBIVORES: QUANTITATIVE

GENETICS OF BOECHERA DRUMMONDII

Lexi Steffes, Jenny Buechler, Riston Haugen, and David Siemens
Black Hills State University

Spearfish, SD 57799

ABSTRACT

 We studied the genetic co-variation between tolerance to water deficiency 
and defense against herbivores in Boechera drummondii.  We monitored growth 
rates and defenses of uni-parental families growing at high and low water avail-
ability in a growth room experiment.  Tolerance to water deficiency was mea-
sured as growth in drought conditions relative to controls. We also measured 
shoot water potentials.  Defense parameters measured included resistance to 
specialist larvae Plutella xylostella, tolerance to damage, and concentrations of 
glucosinolate toxins.  Watering treatments affected herbivory, and the genetic 
co-variation between drought tolerance and defense depended on drought con-
ditions.
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COST AND BENEFITS OF COMPOUNDS
FUNCTIONING AS A DEFENSE AGAINST

HERBIVORES IN BOECHERA STRICTA

Shane Ziegenbein, Lexi Steffes, and David Siemens
Black Hills State University

Spearfish, SD 57799

ABSTRACT

 Plants have supposedly evolved chemical compounds that function in 
defense against pathogens and herbivores; however there exists a tremendous 
amount of variation in the concentration of these compounds within and among 
plant populations.  The optimal concentration is thought to be a function of 
costs and benefits associated with the production of these compounds, which 
may vary over resource gradients.  A recent cost/benefit optimization model 
predicts multiple optima: low and high stable optima are predicted at low and 
high resource availability respectively, but as resources vary across intermediate 
levels stable optima are not predicted.  Instead, as resources vary from low to 
high, concentrations are predicted to jump from low to high levels. To test these 
predictions, we grew 32 maternal families of the self-fertilizing Boechera stricta 
(Brassicacea) in a growth room with varying amounts of fertilizer.  We monitored 
growth rates and harvested shoots to determine concentrations of glucosinolate 
toxins by HPLC.  Growth rates increased across the resource gradient, and we 
detected significant genetic variation in growth rates that depended on resource 
level, confirming that the fertilizer treatments had effects.  The effects of resource 
and family on glucosinolate concentration will be presented.
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CONSERVATION GENETICS OF THE
AMERICAN DIPPER (CINCLUS MEXICANUS)
IN THE BLACK HILLS OF SOUTH DAKOTA

Cynthia M. Anderson, Carolyn S. Ferrell,
Raeann D. Mettler and Shane K. Sarver

Center for the Conservation of Biological Resources
Black Hills State University

Spearfish, SD 57799

ABSTRACT

 The American dipper (Cinclus mexicanus) is a non-migratory bird dependant 
upon clear, fast-moving streams for survival.  Because of its specific feeding and 
nesting habits, the American dipper is a biological indicator of stream health. 
There has recently been a dramatic decline in the Black Hills population of 
American dippers, which has been considered a threatened species of South Da-
kota since 1996. The decline was most likely caused by degradation of habitat 
and food resources in response to damming, sedimentation and pollution over 
the years.  A genetic comparison of Black Hills dippers with other populations 
is being used to determine if Black Hills dippers are isolated from neighbor-
ing populations.  If there is little exchange among populations, the Black Hills 
population of dippers should receive special consideration and protection. A 
genetic study of dipper populations has been initiated to address the status of 
the Black Hills population.  Non-invasive methods were developed to obtain 
DNA samples from the Black Hills populations of the American dipper.  DNA 
samples have been tested to identify several microsatellite markers (repeats of 
short sequences of DNA) in the genome.  Here we present the microsatellite 
markers that we have developed for the American dipper.
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SHORT-DAY INDUCED BUD
DORMANCY IN VITIS RIPARIA

Katherine M. Circle, Kathy Mathiason and Anne Y. Fennell
Horticulture, Forestry, Landscape and Parks Department  

South Dakota State University
Brookings, SD 57007

David P. Horvath
USDA/ARS/BRL

Fargo, ND

ABSTRACT
 
 Bud dormancy is an important stress survival mechanism for many plants.  
It can be induced by low temperatures and/or decreasing photoperiod. In this 
study Vitis riparia (grape) dormancy was induced by a three-week treatment of a 
short photoperiod (8h) at warm temperatures (≥20ºC); after four weeks of this 
treatment, dormancy was found to be irreversible.  Recent studies have shown 
that microarrays containing thousands of characterized genes for the model 
plant Arabidopsis thaliana (mouse-ear cress) can be used to globally characterize 
differential gene expression and identify potential signaling pathways associated 
with growth and growth cessation in unrelated plant materials such as wild oat, 
leafy spurge and poplar.  Relative gene transcript levels of dormancy-induced and 
noninduced buds were compared using Arabidopsis microarrays.  Six Arabidopsis 
genes were selected, based on homology to Vitis genes, to validate the microar-
ray findings using real-time RT-PCR.  Primers and probes for the selected genes 
were designed using Vitis sequences in Genbank.  Real-time RT-PCR analysis 
was performed on samples taken at two, three, four and six weeks of both long 
and short photoperiod treatments.  Dormancy induction responses were sepa-
rated from bud maturation responses by comparing long and short photoperiod 
treatments between two and six weeks.  Comparison of all treatments allowed 
for the identification of transcripts that were up regulated only in dormant buds. 
By this we were able to identify genes that function globally in preparing for the 
over wintering of plants.
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VALIDATING AND EXPANDING
UPON MICROARRAY EXPRESSION

ANALYSIS USING REAL-TIME RT-PCR

Katherine M. Circle, Kathy Mathiason and Anne Y. Fennell
Horticulture, Forestry, Landscape and Parks Department  

South Dakota State University
Brookings, SD 57007

David P. Horvath
USDA/ARS/BRL

Fargo, ND

ABSTRACT

  The relatively recent development of real-time RT-PCR has enabled re-
searchers to choose this method for quantification of changes in gene expression. 
While this is a powerful and sensitive method, it is prohibitive for use on a global 
scale.  Dormancy in Vitis riparia (grape) has been shown to be induced after 
three weeks of short photoperiod (8h) treatment and to be irreversible after four 
weeks of short day (SD) treatment. In this study, grape plants were subjected to 
a short day treatment, or a long photoperiod (LD 15h).  Candidate genes from 
V. riparia were identified by hybridization to an Arabidopsis thaliana (mouse-ear 
cress) microarray using three biological replications taken from both long day and 
short day treatments at two weeks.  The candidate sequences from the microarray 
analysis were then compared to known Vitis sequence.  Sequence homology and 
protein function were determining factors for identifying sequences for further 
study.  Using SYBR Green based real-time RT PCR, candidate fragments were 
investigated to identify expression associated with dormancy induction and to 
validate the microarray findings.  Specific primers for use in real-time PCR were 
designed from Vitis sequences found in Genbank.  Real-time PCR analysis was 
performed on samples taken at 2, 3, 4 and 6 weeks.  In this way bud maturation 
pathways can be separated from dormancy induction.
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PRESERVING TRADITIONAL BOTANICAL
KNOWLEDGE AMONG THE DAKOTA PEOPLE

Karen Meyer and R. Neil Reese
Biology and Microbiology Department

South Dakota State University
Brookings, SD 57007

Karla Witt-Lowe
Sisseton-Wahpeton College

ABSTRACT

 This study involved documenting and preserving the knowledge of native 
plant uses known among the Sisseton-Wahpeton Sioux Tribe in South Dakota. 
To do this, Tribal elders discussed plants that were once important to the region 
for food, medicine and ceremonial purposes. Fifteen plants were chosen to be 
used in a survey to assess the knowledge of their uses among those currently 
living on the Lake Traverse Reservation. A questionnaire was administered at 
various tribal events to collect this information. Those who participated provided 
information about their knowledge of the fifteen plants, when and how to col-
lect the plants, methods of preparation, and the source of their knowledge. The 
results showed a generational loss of botanical knowledge. Sisseton Wahpeton 
College, South Dakota State University and other organizations in the com-
munity have begun educational programs to preserve this traditional botanical 
knowledge.
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PRELIMINARY DATA ON COLLECTED
WHITE-TAILED JACKRABBITS (LEPUS

TOWNSENDII) IN SOUTH DAKOTA

Dustin Schaible and Charles Dieter
Department of Biology and Microbiology

South Dakota State University
Brookings, SD 57007

ABSTRACT

 White-tailed jackrabbits were collected throughout South Dakota beginning 
in June 2004 for analysis of age and sex ratios, reproductive potential, kidney 
fat, parasites, and disease. Jackrabbits were classified into three age classes based 
on the closure of the proximal epiphysis of the humerus using x-rays analysis. 
Reproductive potential was determined by assessing the length of the breeding 
season, average number of litters and litter size produced by females. The weights 
of male and female reproductive organs fluctuated on a monthly basis which may 
reflect reproductive activity. Monthly fluctuations in kidney fat weight were also 
recorded in an attempt to determine an index of body condition. All parasites 
and abnormalities were documented in collected jackrabbits. Information gath-
ered will be used to identify possible reasons for cyclic fluctuations in jackrab-
bit populations as well as provide effective management recommendations for 
white-tailed jackrabbits in South Dakota.
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NATURALIZATION OF ALFALFA IN RANGELAND

Lan Xu
Department of Biology and Microbiology

Arvid Boe
Plant Science Department

Patricia Johnson
Animal & Range Sciences Department

Kevin Kephart
South Dakota Agricultural Experiment Station

South Dakota State University
Brookings, SD 57007

ABSTRACT

 The occurrence of naturalized yellow-flowered alfalfa (Medicago sativa ssp. 
falcata) on public land in South Dakota presents a dilemma. Its ability to repro-
duce naturally in temperate steppe demonstrates value for rehabilitating depleted 
rangelands, but its spread into native steppe may threaten native plant diversity. 
Our objectives were to determine effects of naturalized alfalfa on species richness 
and biomass production of plant communities in mixed-grass prairie. The study 
was conducted on the Grand River National Grassland near Lodgepole, SD. Fre-
quency, cover, and biomass data were collected for each plant species in quadrats 
in replicated 100-m transects along environmental gradients at 2 sites during late 
June 2003 and 2004. Frequency and cover for alfalfa were higher in swales than 
on adjacent slopes and uplands. Total biomass increased (P<0.05) as alfalfa cover 
increased. Quadrats that had 51-100% alfalfa cover produced 6380 kg DM  
ha-1, those with trace-50% cover produced 3400 kg DM ha-1, and those with 
no alfalfa produced 2270 kg DM ha-1. Species richness was similar (5.9 species  
m-2) for quadrats that had 0-50% alfalfa cover, but reduced (P<0.05) by 50% for 
quadrats with >50% alfalfa cover. Major associated species in areas dominated 
by alfalfa were western wheatgrass (Pascopyrum smithii), crested wheatgrass (Ag-
ropyron cristatum), and Kentucky bluegrass (Poa pratensis). Naturalized alfalfa 
competed effectively with native and other introduced species and contributed 
strongly to biomass in suitable landscape areas in mixed-grass prairie.
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SEARCHING FOR NEAR-EARTH ASTEROIDS

Brad Lowery and Ryan Claussen
Department of Physics

South Dakota State University
Brookings, SD 57007

ABSTRACT

 The purpose of the project was two-fold: to learn how to identify asteroids 
from CCD images taken through a telescope, and to attempt to find asteroids 
missed by large-observatory automated searches. Images for analysis were ob-
tained using the 26” reflecting telescope at the Badlands Observatory and ana-
lyzed with CCDSoft imaging software.  Initially, regions of the sky containing 
known main belt asteroids were imaged.  This provided an opportunity to learn 
imaging and analysis techniques.  After becoming proficient at locating main 
belt asteroids, dimmer and smaller objects (such as previously discovered NEOs) 
were imaged before finally searching for undiscovered objects.  Efforts focused 
on dim, slow moving objects along the ecliptic that would otherwise be missed 
by the major search programs.  This required longer exposures over several time 
intervals in a given evening.  Once a potential NEO was found, its position 
coordinates were calculated and submitted to the Minor Planet Center (MPC) 
for verification.  Using The Sky astronomy software, physical characteristics of 
each asteroid were also determined including magnitude and angular velocity.  
The research resulted in identifying eleven asteroids and one comet.  All of the 
asteroids were previously identified, but the additional measurements made are 
helpful in developing a more accurate orbit for the Near Earth Objects.
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RARE EARTH ELEMENT TESTING
OF THE REE HEIGHTS FOSSIL SITE,

HAND COUNTY, SOUTH DAKOTA

Doreena Patrick
University of Pennsylvania

Philadelphia, PA 19104

David C. Parris
New Jersey State Museum

Trenton, NJ 08625

ABSTRACT

 The Ree Heights locality in central South Dakota has been known for more 
than a century to yield fossil fish of Pleistocene age. This locality represents a 
Pleistocene lacustrine environment. During 2004, additional specimens were 
collected at this site, with the gracious permission of the Fawcett family, own-
ers of the site. Fossil fish bones were subjected to Rare Earth Element analysis 
(REE), and compared with other lacustrine sites of Pleistocene age. REE and 
other trace elements are incorporated shortly after deposition during early dia-
genetic recrystallization of the bone apatite, thus recording the depositional or 
early diagenetic conditions and creating a stable REE signature for that unit. 
Due to changing diagenetic conditions REE signatures in fossils from different 
stratigraphic units may differ, providing unique identifiable variations in their 
depositional or early diagenetic environments. Comparison to REE signatures of 
sequential strata in the Fossil Lake localities of Oregon and REE geochemistry of 
modern lakes can aid in interpretation of the original paleoenvironment of the 
Ree Heights locality. The Ree Heights deposit previously has been correlated to 
the Cary Substage of the Wisconsinan Stage on stratigraphic evidence. The ulti-
mate goal is recognition of patterns of REE emplacement for lacustrine deposits 
in general.
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GRAPH COLORING WITH THE
FIRST-FIT ALGORITHM

David Konz
Dakota State University

Madison, SD 57042

ABSTRACT

 Coloring is the process of assigning a color to each vertex of a graph so 
neighboring vertices do not share a color.  This problem is known to be NP-
complete.  The First-Fit algorithm was implemented using both exhaustive and 
random orderings of the vertices of several graphs.  Issues in implementation will 
be discussed.  The efficiency of the First-Fit algorithm was tested exhaustively on 
many smaller graphs.  Results of these tests and theoretical limitations will be 
discussed.
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CLAY NANOCOMPOSITES OF NOVEL
POLYCARBONATES BY MELT EXTRUSION

 
Josiah Reams, Tsvetanka Filipova, David A. Boyles and John T. Bendler

ABSTRACT
 
 New polycarbonate materials are of interest for higher performance applica-
tions than can be afforded by commercial bisphenol A polycarbonate (BPA-PC). 
These include enhanced high-impact mechanical properties, oxidative, UV, 
flame, laser, environmental and chemical stability, as well as improved aging 
and embrittlement resistance, while at the same time endeavoring to retain or 
improve the processability exhibited by the current BPA-PC material used by the 
ARMY for these applications.  In this work we have synthesized a high-aspect ra-
tio bisphenol using Suzuki cross-coupling methodology, and converted it to co-
polymeric polycarbonate with the comonomer BPA-PC with average molecular 
weights of 22,000 to 43,000 g/mol. The copolymer was characterized by nuclear 
magnetic resonance spectroscopy (NMR), infrared spectroscopy (IR), gel perme-
ation chromatography (GPC), and differential scanning calorimetry (DSC). In 
this study we employed two types of organically modified clay, Bentone 34® and 
Cloisite 30B®. Clay nanocomposites of 2 and 5 wt. percent have been prepared 
by a variety of methods including solution mixing and melt extrusion at 260°C 
using a mini-Haake twin screw extruder operating at 80 rpm. Wide angle X 
ray diffraction of pure Cloisite 30 B® shows a peak at 2θ ~5° corresponding to 
a gallery spacing of 18.3 angstroms. This peak is absent in clay nanocomposite 
samples prepared by melt blending using Cloisite 30 B®. This suggests that clay 
nanocomposites prepared by melt blending produced exfoliated nanocompos-
ites. However, a peak at 2θ ~ 6° corresponding to a gallery spacing of 14.7 
angstroms is present in the melt blended samples due to decomposition of the 
organic material in the Cloisite 30B®.  TEM and mechanical testing were also 
performed on the nanocomposite samples.  The processing and properties of 
these nanocomposite materials will be presented.
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ARCHAEBACTERIAL DIVERSITY
IN OAK LAKE SEDIMENTS

Karen Boegler, Volker Brözel and Susan Gibson
Department of Biology/Microbiology

South Dakota State University
Brookings, SD 57007

ABSTRACT

 Oak Lake is a hypereutrophic prairie pothole in the Northern Plains on the 
Coteau Des Prairie covering 163 Ha. Most of the lake is less than 1.5 m deep, 
with large portions of the shore line covered in cattails. The aim of our work 
was to study the prokaryotic diversity in lake sediments.  Three sampling loca-
tions were chosen, one in the deepest part of the lake (basin), and two near the 
shore within cattail beds.  Archaebacterial diversity at the end of June was deter-
mined by examining 16S rDNA sequences.  Sediment DNA was extracted.  The 
archaeal16S rDNA was amplified using the primers PRA46f and PREA 1100r.  
PCR products were isolated, ligated into the pGEM®-T Easy plasmid and 
transformed into Escherichia coli JM109.  Clones were selected, plasmids were 
isolated and sent for sequencing of 16S rDNA inserts. From the basin site, 85% 
of the clones were closely related to Methanosaeta, with one Methanosarcina-like 
clone, one Methanobrevibacter-like clone, and one crenarchaeota-like clone.  In 
samples from the other two sites, 60% from site 2 and 72% from site 3 were 
Methanosaeta-like while 25% and 17%, respectively, appeared to belong to the 
Methanosarcina.  The other clones from these two sites did not cluster closely to 
known genera in the GenBank bacterial sequence database although they were 
methanogens.  At this point, Methanosaeta-like clones are predominant in all 
three sites with Methanosarcina-like clones next most predominant..  Methano-
saeta are important acetate-utilizing methanogens indicating that at this time 
point, acetate may have been a more important energy source than hydrogen.
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POPULATION CHARACTERISTICS
OF LOTIC ORANGESPOTTED
SUNFISH IN SOUTH DAKOTA

Ryan A. Rasmus, Quinton E. Phelps, Jeremy P. Duehr, and Charles R. Berry Jr.
Department of Wildlife and Fisheries Sciences

South Dakota State University
Brookings, SD 57007

 

ABSTRACT

 Growth and relative condition of fish populations can provide insight into 
overall fish community characteristics.  However, few studies have investigated 
population characteristics of warmwater lotic centrarchids.  More specifically, no 
research to date has been conducted on population characteristics of orangespot-
ted sunfish Lepomis humilis in South Dakota streams.  Orangespotted sunfish 
were collected with a bag seine (15.3-m long, 6.4-mm bar mesh) from two geo-
graphically distinct river basins and their associated streams/tributaries in eastern 
(Big Sioux River basin) and western (Cheyenne River basin) South Dakota. All 
orangespotted sunfish were counted, measured to the nearest mm total length, 
and weighed to the nearest 0.1g.  After collection, sagittal otoliths were removed 
to analyze age and growth.  Relative condition factors were calculated to describe 
the overall well-being of the populations.  The 54 orangespotted sunfish collected 
from the Big Sioux River basin in eastern South Dakota had a mean length of 54 
(SE = 1.57) mm, included relative condition values that ranged from 0.77-1.35, 
and exhibited relatively consistent recruitment up to age 4.  The 73 orangespot-
ted sunfish sampled from the Cheyenne River basin in western South Dakota 
had a mean length of 58 (SE = 1.04) mm, exhibited relative condition values that 
ranged from 0.72-1.19, and consistent recruitment through age 5. This study 
provides baseline data from two diverse regions with a wide array of biotic and 
abiotic conditions that may be valuable for future comparative studies conducted 
on orangespotted sunfish populations in the upper Midwest.
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IDENTIFICATION OF PRION PROTEIN GENE 
(PRNP) SEQUENCE VARIANTS IN AMERICAN

BISON THAT HAVE BEEN PREVIOUSLY SHOWN
TO BE ASSOCIATED WITH RESISTANCE TO
BOVINE SPONGIFORM ENCEPHALOPATHY 

Cynthia M. Anderson,  Jessica Cahoy, Dr. Shane K. Sarver 
Center for the Conservation of Biological Resources

Black Hills State University
Spearfish, SD 57799

ABSTRACT

 Several studies have shown a relationship between PRNP genotype and sus-
ceptibility to transmissible spongiform encephalopathies (TSE’s) in a number of 
different species.  One study focused on a 23 base pair insertion/deletion (indel) 
in the PRNP promoter of German cattle breeds and found a strong correlation 
between the presence of the 23 bp insertion and resistance to bovine spongiform 
encephalopathy (BSE).   Due to the close genetic relationship between cattle and 
American bison (Bison bison), it is possible that the 23 bp insertion allele exists 
in bison as well.  The purpose of this study was to screen the PRNP promoter 
region in bison to determine the presence or absence of this indel in American 
bison.  Fluorescent dye labeled bovine primers that amplify the 100/123 base 
pair indel region of the PRNP promoter were used to amplify the corresponding 
region of the bison genome.  The amplification products were analyzed on an 
ABI 3100 Avant Genetic Analyzer.  Of 178 bison genotyped, 15 appear to con-
tain an insertion within the promoter region corresponding to the size of the 23 
bp indel insertion.  This suggests an allelic frequency for this polymorphism of 
0.042.  The frequency of this polymorphism is significantly different than previ-
ous studies in cattle.  The significance of these findings to TSE disease in bison 
will be discussed.
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HISTOTECHNIQUE STAINING
METHODS FOR CYPRIPEDIUM

CANDIDUM ROOTS AND RHIZOMES

Brie Murphy and Carol Wake
Biology and Microbiology

South Dakota State University
Brookings, SD 57007

ABSTRACT

     Tissue samples were collected from Cypripedium candidum and prepared for 
histological study (FAA fixation, paraffin embedded, sectioned at 8 microns). 
Johansen’s Safranin / Fast Green staining protocol was modified and used to 
visualize mycelium hyphae in root and rhizome cells of the orchid.   Safranin O, 
a regressive red dye, stained nuclei, lignified, suberized, or cutinized cell walls. 
Tissues were counterstained with Fast Green, a progressive dye, to visualize the 
cytoplasm and cellulose cell walls.
     Staining trials were performed to optimize this protocol.  Most protocols 
suggest 2-24 hours for Safranin O staining and 10-15 seconds for Fast Green. 
15 different time trials on 52 microscope slides were completed to determine the 
best Safranin O staining method, while 3 time trials were completed for the Fast 
Green stain.  
     The best results attained for Safranin O were 24 hours of staining, in combi-
nation with destaining adequately with picric acid.  This gave good visualization 
of plant cell walls and digested hyphae.  A much longer time than suggested, 30 
seconds for the Fast Green, proved to give the best cellular definition and coun-
terstain to the red in the tissues.
     This modified Johansen’s Safranin and Fast Green method worked very well 
to achieve good contrasting color for histological sections of Cypripedium can-
didum.

Johansen, D.A. Plant Microtechnique New York: McGraw Hill, 1940

Keywords

Cypripedium candidum, histology, microtechnique, mycelium hyphae
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THE PRESENCE OF MYCORRHIZAL FUNGI
IN CYPRIPEDIUM CANDIDUM ORCHIDS

Brie Murphy and Carol Wake
Biology/Microbiology

South Dakota State University
Brookings, SD 57007

ABSTRACT

 Cypripedium candidum, a native terrestrial orchid, reproduces both by seed 
and by adventitious buds from older roots and rhizomes.  Several other terrestrial 
orchid species are known to establish mycorrhizal associations between various 
soil fungi and the orchid roots. This small South Dakota orchid may also rely 
on mycorrhizal fungi to receive necessary nutrients and / or enzymes for plant 
survival, as well as for seed germination. The objective of this project was to 
explore the roots and rhizomes of C. candidum for any putative orchid-fungal 
associations. During June and July of 2003, non-destructive root and rhizome 
tissue samples were collected from the Lake Cochrane WPA (Deuel County, 
SD) orchid population.  These samples were fixed, refrigerated and histologi-
cally examined in July 2004.  The June root and rhizome samples demonstrated 
no hyphae, but fungal mycelia were visible in the cortical cells of the July roots.  
These differing levels of mycelium development, or possibly digestion, may be 
a function of continued or new fungal growth, specific growth regions in the 
root, or young versus older root tissues. C. candidum appears to share with other 
terrestrial orchids the presence of mycorrhizal associations, possibly depending 
on the fungus for nutrients.  Further monitoring of mycorrhizal development 
through the growing season, as well as fungal identification, will aid in under-
standing these intricate inter-specific associations.
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CATION AND ANION STABILITY IN QUATERNARY 
AMMONIUM METHYL CARBONATES

Michael W. Amolins, Justin G. Norberg,
Duane E. Weisshaar and Gary W. Earl

Chemistry Department
Augustana College

Sioux Falls, SD 57197

ABSTRACT

 Several hundred million pounds of quaternary ammonium compounds are 
produced annually and used in a variety of products including conditioners, 
fabric softeners, germicides, corrosion inhibitors, lubricant additives.  Current 
production methods use agents such as methyl chloride and dimethyl sulfate 
(DMS), which are known carcinogens and cause chronic health problems in 
industrial workers as well as those in the surrounding communities.  Earl’s group 
has developed an industrially viable synthesis using more eco-friendly dimethyl 
carbonate.  The study presented here focused on the stability of the anion and 
the tributylmethyl ammonium cation under a variety of conditions.  NMR and 
FTIR analysis indicated that the anion was stable under most conditions, but it 
did break down in the presence of aqueous strong base and most acids.  GC-MS 
analysis of the head space of the reaction mixture indicated that the cation was 
stable to Hoffman elimination under most conditions.
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AEROPONIC CULTURE OF CORN IN A
CONTROLLED GREENHOUSE ENVIRONMENT

Michelle Hayes
Plant Science Department

R. Neil Reese
Biology & Microbiology Department

South Dakota State University
Brookings, SD 57007

ABSTRACT

 At the request of the South Dakota Corn Utilization Council the practicality 
of growing corn in an aeroponic system in a controlled greenhouse environment 
was explored. The viability of using the waste products, heat and carbon diox-
ide, from  ethanol production to operate these greenhouses was the motivating 
force behind this research.  Pharmaceuticals and other biochemicals could be 
harvested from the corn grown in such a system.  
 The harvested corn plants were grown in three separate aeroponics chambers 
in a greenhouse, with ten plants in each chamber.  The timing of the spray of 
nutrient solution, different formulation of nutrients, and the amount of nutri-
ents added during a growing period were a part of the information gathered in 
the five months of the experiment.  Measurements were taken from the addi-
tion of artificial light and the available natural light in the greenhouse.  Factors 
that included temperature, humidity, and carbon dioxide enrichment were also 
measured and evaluated.  A successful crop was harvested and data on the ears, 
kernels, and dry matter was gathered. 
 Roots were well developed in the aeroponic system.  After some experi-
mentation with chelated iron, a formula was found that overcame the common 
problem of iron chlorosis in corn grown in water culture.  A possible explanation 
for this chlorosis may not have been oxygen deprivation, as first hypothesized,  
but the limit of siderophores in the surrounding rhizosphere.
 Transpiration rates of the corn, as it approached the flowering stage, in-
creased beyond the capabilities of the deionized water production of the aero-
ponic system.  Modification of this aspect of the aeroponic system, when used 
for growing corn, will be important for commercial success.  The addition of a  
humidifying system to increase relative humidity in the greenhouse helped to 
regulate the transpiration rates.  Humidity levels during a 24-hour period of time 
fluctuated between 40-60%.  Carbon dioxide enrichment also helped to decrease 
water usage by encouraging the closure of stomates.  Carbon dioxide levels were 
elevated from approximately 300 ppm to 700-800 ppm using compressed car-
bon dioxide.
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 After development of a nutrient stock containing adequate nitrogen and 
the appropriate iron chelate, the most interesting finding was the influence of 
light on kernel development.  Average light readings taken above Chamber 1, 
located on the west side of the greenhouse, were approximately 810 µmol/m2/
second.  In the middle chamber, Chamber 2, the average was approximately 
885 and the chamber located on the east, Chamber 3, was the highest at 890.  
Chamber 3 produced 650 grams of kernels for the ten plants harvested.   The 
middle chamber produced less than 290 grams even though the light was only  
 5 µmol/m2/second less than Chamber 3.  Chamber 1 produced only a few ker-
nels with a weight of less than 20 grams. Increasing light intensity is planned for 
our next set of experiments.
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DESCRIPTION OF AQUATIC SYSTEMS
IN NATIONAL PARKS OF THE

GREAT PLAINS NETWORK

Jill D. Rust and Nels H. Troelstrup, Jr.
South Dakota State University

Brookings, SD 57007

ABSTRACT

 Aquatic resources within 13 National Parks were assessed as part of the Na-
tional Park Service’s Inventory and Monitoring Program (I&M). Fifty-eight sites 
in four states were sampled to characterize 5 stock dams, 23 small streams, 22 
large rivers, and 8 springs.  EPA’s EMAP Western Pilot protocols were utilized 
for physical/chemical, habitat, and biologcal assessment at each of the sites. 
Mean percent bank erosion varied between 8% and 74%.  Embeddedness varied 
between 52% and 100%.  Canopy cover was highest at springs (64%), with 
mean canopy cover between 0% and 64% in all system types. Eleven percent of 
streams and 18 percent of stock dams had dissolved oxygen levels below 5 mg/L, 
the amount needed to sustain warmwater fisheries.  Fecal coliforms ranged from 
below detection to 160,000 MPN per 100 mL. Average fecal counts were above 
water immersion limits within stock dams, springs, and streams (228, 7533, and 
765 organisms/100mL, respectively). Of all macroinvertebrates sampled, insects 
accounted for over 60% of total abundance in all system types. Coleoptera (12 
Families (F), 40 Genera (G)), Hemiptera (11F, 20G), and Ephemeroptera (9F, 
22G) showed high familial and generic diversity in community composition. 
Small and medium sized streams had the highest insect community diversity 
with 9 orders, 33 families, and 52 genera. Results of this effort will provide 
baseline data to support aquatic system monitoring as part of the National Park 
Service’s I&M program.
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EFFECTS OF DPA2- LIGATION
AND pH ON EUROPIUM(III) IN A

BIPHASIC IONIC LIQUID/WATER SYSTEM

Erin Duncan, Senthamizh Samikkanu, Mary T. Berry
Krisma DeWitt, James Sorenson

ABSTRACT

 Europium Chloride (EuCl3) was dissolved in the ionic liquid, 1-butyl-3-me-
thylimidazolium hexafluorophosphate (BMIM PF6).  Deionized water was added 
to the liquid, creating a biphasic system. The europium(III) was thus extracted 
quantitatively into the water phase. Addition of three equivalents of dipicolinate, 
DPA2- (pH=6), resulted in aqueous phase Eu(DPA)3

2- .  The DPA/Eu(III) ratio 
was increased to 10:1 and the pH decreased, moving the europium into the ionic 
liquid phase.  Using luminescence spectroscopy the movement of europium was 
monitored.
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THE DEVELOPMENT OF TOOLS TO STUDY
THE ALFALFA MOSAIC VIRUS REPLICATION

Laura Divine
Mount Marty College
Yankton, SD 57078

Muthukamar Balasubramanian
Purdue University

Sue Loesch-Fries
Purdue University

ABSTRACT

 The alfalfa mosaic virus (AMV) is an RNA plant virus.  This virus produces 
four proteins, one of which is the coat protein.  The coat protein found in AMV 
plays a unique role in the infection process of AMV.  It is involved in movement, 
replication, and encapsidation.  These projects were designed to begin to better 
understand the involvement of coat protein in alfalfa mosaic virus replication.  
These projects included analyzing putative transgenic Arabidopsis plants; as well 
as testing the hypothesis that arginine-17 residue of the coat protein is methyl-
ated.  From these projects it can be concluded that 16 out of 17 putative P1 
Arabidopsis transformants contained the P1 gene, three out of four assayed P1 
plants produced P1 RNA, and the coat protein transgenic tobacco and AMV 
infected tobacco contain detectable amounts of coat protein.



Proceedings of the South Dakota Academy of Science, Vol. 84 (2005) 359

IMPACTS OF THE INDUSTRIAL
REVOLUTION ON TEMPERATE GRASSLANDS

Emma Volz
Geography Department

South Dakota State University
Brookings, SD 57007

ABSTRACT

 Humans have been changing the face of the earth for millennia, but it was 
not until the Industrial Revolution that the changes became truly global in ex-
tent.  Habitats around the world have been altered to fit human’s needs.  One 
such habitat is the temperate grasslands.  This habitat is located between 30º 
and 60º latitude.  Human settlement is also concentrated within these latitudes.  
Because of this, they are in close association with human settlements.  These 
settlements use the resources found within the grasslands.  This paper looks into 
four of the major impacts of the Industrial Revolution on the grasslands.  They 
are Population, Agriculture, Industry, and Transportation.  Analysis of literature 
from many scientific fields was reviewed to assess the major impacts of the Indus-
trial Revolution, including geography, biogeography, biology, botany, chemistry, 
environmental sciences, and sociology.  Increased population pressures from the 
improvement in health care and food distribution cause the cities to grow and 
encroach upon existing agricultural centers.  These agriculture centers then had 
to move further into the grasslands, tilling up the land to make the land available 
for food production.   These impacts are just a few of the far reaching and, in 
most cases, permanent affects of the Industrial Revolution on temperate grass-
lands.
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USING ATMOSPHERIC CORRECTION TO
IMPROVE THE ACCURACY OF LANDSAT

Mark Volz
South Dakota State University

Brookings, SD 57007

ABSTRACT

 The objective of this research was to determine whether or not using 
methods to reduce atmospheric errors in Remote Sensing data would improve 
upon the quality and data for use in other types of geographic research.  Several 
Landsat images were collected during the summer of 2004.  Each of those im-
ages were converted into two files, a file which stored the reflectance values from 
the Landsat satellite, and a modified file which attempts to correct for errors in 
reflectance due to atmospheric gasses.  On each day that a Landsat image was 
collected, the reflectance pattern was also collected using a cropscan, a handheld 
device which records similar data to what the Landsat satellites collects, only 
it collects at the ground, where there is no atmospheric scattering, unlike the 
Landsat images which are subject to atmospheric scattering errors.  Comparisons 
were made between the atmospherically corrected Landsat file, and the uncor-
rected file to determine which one has a reflectance pattern that is closer to the 
cropscans reflectance pattern.  Initial results showed that the atmospherically cor-
rected Landsat data had a reflectance pattern that is more similar to the cropscans 
reflectance pattern.  This means that by using the atmospherically correcting al-
gorithm, more meaningful data can be collected from Landsat satellite images.
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COMPARISON OF DNA ISOLATION TECHNIQUES:
DO YOU REALLY GET WHAT YOU PAY FOR?

David Faith, Jenna Linke, and Anthony B. Cole
Biology Department

Dakota Wesleyan University
Mitchell, SD 57301

ABSTRACT

 Currently, several DNA isolation kits are commercially available that are 
simple to use and provide quick extractions of DNA ready for use in other pro-
tocols. Several laboratory techniques are still used that include the use of such 
chemicals as cesium chloride, ethidium bromide, hexadecyltrimethylammonium 
bromide (CTAB), and butanol. Because some of these chemicals pose health 
risks in their use they are not readily available for high school science laborato-
ries. Time constraints can also be a factor for laboratory exercises. Whereas the 
DNA isolation kits are relatively quick, the standard isolation protocols can take 
up to several hours.  In addition, the costs for these supplies may also be prohibi-
tive for their use not only in high school science labs but in small undergraduate 
research labs as well (The cost of a single isolation can vary from $2 to $5 per 
isolation depending upon the manufacturer and the origin of the DNA to be iso-
lated). Therefore, we wanted to identify a rapid and economical DNA isolation 
protocol that yielded high quality DNA. Here, we compare the DNA obtained 
from a DNA isolation protocol that utilizes common off-the-shelf available re-
agents such as shampoo and alcohol to the DNA obtained from specialized DNA 
isolation kits and standard isolation techniques.
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THE INFLUENCE OF ANTIMICROBIAL
CHEMICALS ON HERBICIDE

DEGRADING ORGANISMS

Aaron Hoese, Susan Gibson, Volker Brozel and Sharon A. Clay
Plant Science

South Dakota State University
Brookings, SD 57007

ABSTRACT

 Tylosin (Tyl) and chlortetracycline (CTC) are antimicrobial chemicals used 
as growth promoters in cattle, swine, and poultry production and can be excreted 
as the parent compound.  Landspreading manure can move these chemicals into 
soil and thereby change the soil microbial make up or degradative activity.  The 
objective of this study was to determine if Tyl and CTC changed the growth or 
herbicide degrading activity of pure cultures of two bacteria, Pseudomonas ADP, 
an atrazine degrader, and Sphingobium herbicidovorans, a 2,4-D degrader.  The P. 
ADP was cultured in liquid minimal broth with atrazine as the sole N source for 
5 d.  Tyl or CTC was added to the media at 2.5 ppm.  The culturable count was 
determined every 24 h.  The activity of the S. herbicidovorans was measured over 
14 d by placing 14C-carboxy-labeled 2,4-D in a biometer flask and adding a 5 ml 
solution containing  3.7 x 109 CFU of the degrader.  14CO2 generated by 2,4-D 
degradation was trapped in NaOH and radioactivity quantified by liquid scintil-
lation counting.  P. ADP in the control media grew well during the incubation.  
Tyl inhibited P. ADP temporarily and recovery occurred within 48 h.  The CTC 
treatment killed P. ADP, as the culturable count was below the detection limit 
by 72 h.  About 88% of the 2,4-D in control treatments was mineralized by S. 
herbicidovorans 4 d after treatment (DAT), whereas Tyl slowed the initial deg-
radation with only 4% mineralized by 10 DAT.  By 14 DAT, recovery occurred 
and 2,4-D mineralization in the Tyl treatment was similar to the control.  CTC 
substantially decreased the activity of S. herbicidovorans with only 12% of the 
added 2,4-D mineralized 14 DAT.



Proceedings of the South Dakota Academy of Science, Vol. 84 (2005) 363

MULTICELLULAR GROWTH AND
MIGRATION OF BACILLUS CEREUS IN SOIL

Yun Leo, Sébastien Vilain and Volker S. Brözel
Department of Biology and Microbiology

South Dakota State University
Brookings, SD 57007

ABSTRACT

 Bacillus, primarily members of the B. cereus group are bacteria readily iso-
lated from a wide range of soils. Analysis of the genome of B. cereus ATCC 14579 
supports the current paradigm that it is a saprophyte, growing in proteinaceous 
environments such as the guts of invertebrates. By contrast the high numbers 
found in soil are believed to occur as resting spores. We hypothesized that B. 
cereus is able to grow in soil, and therefore studied its soil-associated behavior. 
Growth was studied in filter sterilized liquid Soil Extracted Solubilized Organic 
Matter (SESOM)(pH 6.5) and in artificial soil microcosms.  Cultures were stud-
ied by fluorescence microcopy using BacLight and DAPI to observe morphology 
in soil conditions. Fluorescently labeled lectins were used to identify sugars in 
extracellular polymers.  B. cereus was able to germinate, grow and subsequently 
sporulate, both in liquid SESOM and in the soil microcosms. Cells grew as 
long chains with thick N-acetyl glucosamine (NAG) and galactose-containing 
bridges between them. Filaments coalesced to form large clumps with most cells 
sporulating. Spores were retained in an extracellular matrix containing DNA as 
revealed by both extracellular fluorescence (DAPI) and DNase treatment. The 
switch to multicellularity, reminiscent of the related B. mycoides, was not ob-
served when grown in rich medium such as LB broth. The mycoidal phenotype 
may be due to incomplete hydrolysis of the septal peptidoglycan as supported by 
intercellular NAG. Mycoidal structures formed as a response to growth in soil 
served to traverse gaps between soil particles and so disseminate the species in the 
soil environment.
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BLOOD PLASMA METABOLITES OF THREE
SHOREBIRD MIGRANTS DURING STOPOVER

IN THE MID-CONTINENT

Nathan E. Thomas and David L. Swanson
Department of Biology

University of South Dakota
Vermillion, SD 57069

ABSTRACT

 Shorebirds are some of the longest distance migrants of all birds.  To travel 
these distances their primary fuel source is fat, which is periodically replenished 
during migration at stopover sites.  We measured blood plasma metabolites at 
natural and managed wetland stopover sites in northeastern South Dakota and 
west-central Minnesota for three shorebird species; Least, Semipalmated and 
Pectoral sandpipers.  We analyzed plasma metabolites associated with fattening 
(triglycerides) and fat utilization as a fuel source (glycerol and β-hydroxybu-
tyrate) as well as an indicator of muscle damage (creatine kinase) to provide 
information regarding the effectiveness of stopover sites.  Triglycerides showed a 
non-significant positive relationship with energetic condition for Least (R2=0.19) 
and Pectoral (R2=0.16) sandpipers suggesting that enhanced energetic condition 
was accomplished via fattening at stopover sites.  However, triglycerides were 
non-significantly negatively correlated with energetic condition in Semipalmated 
Sandpipers (R2=0.15).  Glycerol showed a non-significant trend toward a nega-
tive relationship with energetic condition but no clear relationship was evident.  
β-hydroxybutyrate showed a significant negative relationship with energetic con-
dition for Pectoral Sandpipers (P<0.03, R2=0.35) and non-significant negative 
trends for Least (R2=0.21) and Semipalmated (R2=0.10) sandpipers suggesting 
that increased energetic condition was associated with reduced fat catabolism.  
Creatine kinase showed a non-significant negative trend with energetic condition 
for all three species, but the trend approached significance (p<0.07, R2=0.13) 
in Semipalmated Sandpipers.  This suggests that birds repairing muscle during 
stopover were simultaneously depositing fat.  Taken together these indicators 
demonstrate that the stopover sites studied generally serve as effective sites for 
migrating shorebirds.  In addition, some between-individual variation might be 
attributed to age and experience with migration.
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DESCRIPTIVE CHARACTERISTICS
OF A RED-BELLIED SNAKE POPULATION

AT OAK LAKE FIELD STATION

Regina D. Cahoe and Nels H. Troelstrup, Jr.
Biology and Microbiology

South Dakota State University
Brookings, SD 57007

ABSTRACT

 Habitat use and population biology of the northern red-bellied snake (Store-
ria occipitomaculata occipitomaculata) were studied at Oak Lake Field Station 
(2003-2004) to enhance existing knowledge and future management efforts in 
eastern South Dakota.  The red-bellied snake is listed as a monitored species in 
South Dakota, species of special concern in Nebraska and protected in Iowa.  
Forty-three snakes were caught by hand and from drift fences from May-August 
2003. Thirty-two additional snakes were caught by hand or were birthed from 
May-September 2004.  Nearly twice as many females (69%) as males (31%) were 
collected. Snout-vent length ranged from 27 to 245 mm (mean=157 mm) and 
body mass from 0.3 -11g (mean =3.9 g). Snake body temperatures ranged from 
21.2ºC -29.2ºC (mean=25.4ºC).  Forty-three percent of captured snakes were 
found on northerly aspects.  Over half (53%) were captured on unpaved roads 
consisting of 90% or greater sand and gravel. Capture sites within vegetation 
were dominated by grasses and forbs. Six snakes were collected in haystacks, one 
within a thatch ant mound and one in ash immediately following a prescribed 
burn. No snakes were found between 1200 hrs-1600 hrs throughout both sum-
mers and most (86.6%) were collected late in the growing season. Two gravid 
females gave birth in captivity within three to five days of capture. Young body 
mass ranged from 0.29g-0.32g (mean=0.30 g). Four of the fifteen young were 
born dead. All live young were fully developed and were active within minutes 
of birth.
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FIELD ISOLATES OF BOVINE VIRAL
DIARRHEA VIRUS ARE WELL CONSERVED

M. Becker, L.J. Braun and C.C.L. Chase
Department of Veterinary Sciences

South Dakota State University
Brookings, SD 57007

ABSTRACT

 Both type 1 and type 2 bovine viral diarrhea virus (BVDV) infections cause 
major problems in the US cattle industry.  All of the vaccines contain type 1 
BVDV and more vaccines are contain both type 2 BVDV.  We collected 15 type 
2 BVDV field isolates and sequenced five different regions, 5’UTR, E0, E2, 
NS2-NS3 and NS3.  We sequenced  about 15% of the total viral genome of each 
isolate.  The 15 field isolates from different regions of South Dakota had 90-95% 
similarity in all five regions.  However all the isolates varied greatly from vaccine 
strains including the predominant type 2 vaccine strain.  This variation between 
the field strains and vaccine strains may explain the poor protection seen in the 
field with commercial BVDV vaccines.
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PRODUCTION OF POLYHYDROXYALKANOATES 
FROM INDUSTRIAL WASTE STREAMS

Jeremy Javers and William Gibbons
Department of Biology/Microbiology

South Dakota State University
Brookings, SD 57007

Douglas Raynie
Department of Chemistry 

South Dakota State University
Brookings, SD 57007

ABSTRACT

 Polyhydroxyalkanoates (PHA’s) are biodegradable thermoplastics with prop-
erties similar to synthetic polymers.  PHA’s could potentially be used to replace 
synthetic polymers in throw-away applications and for specialty applications, 
such as medical implants.  The cost of PHA production has limited its integra-
tion into widespread use.  The areas of high cost in PHA production include 
medium cost for bacterial growth and recovery cost of PHA from cells.  To 
overcome the cost of recovery a method has been developed with supercritical 
carbon dioxide and ethanol for a more efficient extraction.  To reduce the cost 
of the growth medium several industrial waste streams have been evaluated as 
potential feedstocks.  Condensed Corn Solubles (CCS), a material that remains 
after ethanol production (currently used as an animal feed ration), is a nutrient 
rich medium with a significant portion of glycerol, residual glucose, and some 
corn oil.  Soapstock is a mixture of long-chain fatty acids (LCFA) that is a by-
product of the soybean and sunflower processing industries.  The research con-
ducted showed that Pseudomonas putida KT217 was able to grow in a CCS based 
medium while utilizing the glycerol as a substrate for growth and PHA substrate.  
Growth rate and PHA production was dependant on aeration rates and medium 
concentration.  P. putida KT217 was also shown to utilize the LCFA present in 
soapstock for growth and PHA production when added to a CCS based growth 
following the exponential growth phase.  Both of these by-products are available 
in high quantity for pennies a pound and are good candidates for PHA produc-
tion.
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NEW LATE CRETACEOUS
PALEONTOLOGICAL DISCOVERIES DURING

THE 2005 EXPEDITION TO ANTARCTICA
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South Dakota School of Mines and Technology

Rapid City, SD 57701
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Marcelo Reguero and Juan Moly
Museo de La Plata, Paleontologia Vertebrados

Paseo del Bosque
1900 La Plata, Argentina

Sergio Santillana
Instituto Antarctico Argentino
1010 Buenos Aires, Argentina

J. Foster Sawyer
SD Geological Survey

Rapid City, SD  57702

ABSTRACT

 A cooperative field expedition between the US National Science Founda-
tion (OPP #0087972 & 0003844) and the Instituto Antarctico Argentino dur-
ing January and February produced exceptional fossil vertebrates from the Late 
Cretaceous deposits of the Antarctic Peninsula.  From the Maastrichtian rocks 
exposed on Vega Island, specimens were found in the Cape Lamb and Sandwich 
Bluff members.  Most specimens represent marine reptiles, but some fossils 
include terrestrial creatures washed into the shallow marine environment.  Of 
the latter, avian and fragmentary dinosaur remains were secured.  The birds are 
diverse and represent extant orders of birds, supporting the hypothesis that Ant-
arctica was an important area for bird evolution before the terminal Cretaceous 
extinction.  Of the marine creatures, a hexanchid shark and gastroliths were 
found associated with large plesiosaur trunk material.  Perhaps one of the most 
spectacular discoveries was that of a baby plesiosaur skeleton, an exceedingly rare 
occurrence.  Overall, the expedition was successful adding to our knowledge of 
the life and environment of the southernmost continent during the end of the 
Mesozoic.
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BIRD RESEARCH IN SOUTH DAKOTA

K.C. Jensen and Dave Swanson, Moderators

K.C. Jensen &
Dave Swanson Welcome

Dan Tallman Twenty-five years of bird banding at Aberdeen, Brown 
County, South Dakota

Kent Jensen Current Issues of Concern and Research Needs for Bird 
Conservation in South Dakota

Doug Johnson Recreated grasslands, restored wetlands, and renewable 
energy:  the response of breeding birds to anthropogenic 
activities in South Dakota

Mark Norton Reproductive ecology of sympatric prairie grouse species 
in central South Dakota

Nathan Thomas Autumn stopover biology of three species of shorebirds in 
eastern South Dakota and west-central Minnesota

David Swanson Wooded landscapes and woodland bird communities in 
the northern Great Plains

Eric Liknes Seasonal acclimatization in resident passerine birds

Ken Higgins Summary Comments


