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Preface

The 28th Annual Meeting of the U.S.
Army Corps of Engineers Aquatic Plant Con-
trol Research Program (APCRP) was held in
Baltimore, MD, on 15-18 November 1993.
The meeting is required by Engineer Regula-
tion 1130-2-412, paragraph 4c, and was organ-
ized by personnel of the APCRP, which is
managed under the Environmental Resources
Research and Assistance Programs (ERRAP)
of the Environmental Laboratory (EL), U.S.
Army Engineer Waterways Experiment Sta-
tion (WES), Vicksburg, MS.

The organizational activities were carried

out and presentations by WES personnel were
prepared under the general supervision of

Proceedings, 28th Annual Meeting, APCRP

Mr. J. L. Decell, Manager, ERRAP, EL.

Mr. Robert C. Gunkel, Assistant Manager,
ERRAP, was responsible for planning the
meeting. Dr. John W. Keeley was Director,
EL, WES. Ms. Denise White was Technical
Monitor for the Headquarters, U.S. Army
Corps of Engineers.

Ms. Billie F. Skinner, ERRAP, was respon-
sible for coordinating the necessary activities
leading to publication.

At the time of publication of this report,
Director of WES was Dr. Robert W. Whalin.
Commander was COL Bruce K. Howard, EN,

Preface vil



Agenda

Monday, 15 November 1993

1:00 p.m.
- 5:00 p.m.

3:00 p.m.
- 5:00 p.m.

6:00 p.m.
-7:30 p.m.

Registration
Hotel Lobby

Federal Aquatic Plant Management Working Group
Charles Suite

Reception
Versailles Room

Tuesday, 16 November 1993

7:30 a.m.
- 5:00 p.m.

8:00 a.m.
- 5:00 p.m.

8:00a.m.
-2:00 p.m.

8:00 a.m.

8:05 a.m.

8:15a.m.

il Agenda

Registration
Ballroom Foyer

Poster and Demonstration Session
Calvert Ballroom, Salons A and D

General Session
Calvert Ballroom, Salon C

Call to Order and Announcements
* Robert “Bob” C. Gunkel, U.S. Army Engineer Waterways Experiment
Station (WES)
Vicksburg, Mississippi

Welcome to Baltimore District

* Gerald R. Boggs, Acting Deputy District Engineer for Civil Works
U.S. Army Engineer (USAE) District
Baltimore, Maryland

Comments from the Director of WES
* Robert W. Whalin, Director of WES
Vicksburg, Mississippi
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8:30 a.m.

8:45 a.m.

9:00 a.m,

9:15 a.m.

9:30 a.m.
10:00 a.m.

10:15 a.m.

10:30 a.m.

10:45 a.m.

Current and Future Changes to the APCRP

* ], Lewis Decell, Manager, Environmental Resources Research and
Assistance Programs, WES
Vicksburg, Mississippi

Aquatic Plant Control Operations Support Center (APCOSC) Update
* Wayne T. Jipsen, USAE District
Jacksonville, Florida

Lewisville Aquatic Ecosystem Research Facility (LAERF) Update (32733)
* R. Michael “Mike” Smart, WES-LAERF
Lewisville, Texas

Hydroacoustic Measurement and Automated Mapping of Submersed
Aquatic Vegetation
* Bruce M. Sabol, WES

Vicksburg, Mississippi

Break

Valuation of Aquatic Plant Alternatives at Lake Guntersville: Preliminary Results
from the Recreation Study (32729)
* Jim E. Henderson, WES

Vicksburg, Mississippi

Collection , Age, and Growth of Triploid Grass Carp: A Status Report (32738)
* James P. “Phil” Kirk, WES
Vicksburg, Mississippi

The Fish/Plant Technology Area: An Overview
* K. Jack Killgore, WES
Vicksburg, Mississippi

Guntersville Bass and Grass: Life After 381
*  William “Bill” Wrenn, Tennessee Valley Authority (TVA)
Muscle Shoals, Alabama

Simulation Technology
Presiding: R. Michael “Mike” Stewart, WES, Vicksburg, Mississippi

11:00 a.m.

11:15 am.

11:30 a.m.

An Overview of Current Simulation Technology Research
* R. Michael Stewart, WES
Vicksburg, Mississippi

Development of an Aquatic Plant Growth Mesocosm System for Conducting
Validation Studies for Plant Growth Models (32440)
* R. Michael Stewart, WES

Vicksburg, Mississippi

Lunch
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1:00 p.m. Current Testing of the WES Stocking Rate Model for Guntersville Reservoir
and Lake Marion Conditions (32438)
*  William “Will” A. Boyd, WES
Vicksburg, Mississippi

1:15 p.m. Current Research Towards an Aquatic Herbicide Fate and Effects Model
for Submersed Application Techniques (32439)
* R. Michael Stewart, WES
Vicksburg, Mississippi

1:30 p.m. The Role of Global Positioning System Technology
in Aquatic Plant Control (32506)
*  Scott Bourne, WES
Vicksburg, Mississippi

1:45 p.m. Incorporation of Simulation Technology into an Aquatic Plant Management System
* Richard E. Price, WES
Vicksburg, Mississippi

2:00 p.m. Adjourn General Session

2:00 p.m. USAE Division/District Working Session
- 5:00 p.m. Calvert Ballroom, Salon E

2:00 p.m. Joint Agency Guntersville Project Meeting
- 5:00 p.m. Calvert Ballroom, Salon B

Wednesday, 17 November 1993

8:00 a.m. Poster and Demonstration Session
- 3:00 p.m. Calvert Ballroom, Salons A and D
8:00 a.m. General Session
- 3:00 p.m. Calvert Ballroom, Salon C

Ecological Technology
Presiding: John W. Barko, WES, Vicksburg, Mississippi

8:00 a.m, Overview of Ecological Studies
* John W. Barko, WES
Vicksburg, Mississippi

8:15a.m. Interrelationships Between Sediment Composition and Water Quality Conditions
Affecting the Reestablishment of Vallisneria (32351, 32805)
* Sara J. Rogers, U.S. Fish and Wildlife Service
Onalaska, Wisconsin

8:30 a.m. Consequences of Drought for the Native Species Vallisneria americana (32805)
* Ann Kimber, Iowa State University
Ames, Iowa
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8:45 a.m. Effects of High Temperature on Growth and Propagule Formation
in Submersed Aquatic Macrophytes (32351)
*  Dwilette G. McFarland, WES
Vicksburg, Mississippi

9:00 a.m. Initial Evaluation of Submersed Macrophyte Decline Sites (32805)
*  Craig S. Smith, WES
Vicksburg, Mississippi

9:15a.m. A Spatial Approach to Understanding Invasions and Declines (32805)
* M. Rose Kress, WES
Vicksburg, Mississippi

9:30 a.m. Break

10:00 a.m. Aquatic Plant Competition Studies (32577)
* R. Michael Smart, WES-LAERF
Lewisville, Texas

10:15 a.m. Guntersville Reservoir Plant Competition Studies (32736)
*  Robert D. Doyle, WES-LAERF
Lewisville, Texas

10:30 a.m. Dynamic Patterns in the Development of Convective Circulation
in the Littoral Zone of Eau Galle Reservoir (32405)
*  William “Bill” F. James, WES Eau Galle Limnological Laboratory
Spring Valley, Wisconsin

10:45 a.m. Hydraulic Exchange Processes in the Littoral Zone: Initiation of Numerical
Modeling (32405)
*  Michael “Mike"” Schneider, WES
Vicksburg, Mississippi

Biological Technology
Presiding: Alfred “Al” F. Cofrancesco, WES, Vicksburg, Mississippi

11:00 a.m. Overview of Biological Technology
* Alfred F. Cofrancesco, WES
Vicksburg, Mississippi

11:15 a.m. Overseas Research (32730)
* Chris A. Bennett, University of Florida
Gainesville, Florida

11:30 a.m. Lunch

1:.00 p.m. Quarantine Research (32730)
* Gary R. Buckingham, U.S. Department of Agriculture (USDA)
Gainesville, Florida
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1:15

1:45 p.m.

2:00 p.m.

2:15 p.m.

2:30 p.m.

2:45 p.m.

3:00 p.m.

3:30 p.m.
- 10:00 p.m.

3:30 p.m.
-4:30 p.m.

7:00 p.m.

9:00 p.m.
- 10.00 p.m.

Release and Establishment of Hydrilla Biocontrol Insects (31799)
* Michael “Mike” J. Grodowitz, WES

Vicksburg, Mississippi
* Ted D. Center, USDA

Fort Lauderdale, Florida

Release and Establishment of Insect Biological Control Agents of Pistia (32406)
* F. Allen Dray, University of Florida
Fort Lauderdale, Florida

Pathogen Biological Control Agents of Eurasian Watermilfoil (32202, 32735)
* Judy F. Shearer, WES
Vicksburg, Mississippi

Pathogen Biological Control Studies of Hydrilla (32200)
*  Judy F. Shearer, WES
Vicksburg, Mississippi

Allelopathy (32408)
* Harvey L. Jones, WES
Vicksburg, Mississippi

Trapa Biological Control Research
*  Alfred “Al” F. Cofrancesco, WES
Vicksburg, Mississippi

Adjourn General Session

National Aquarium Tour and Dinner

Shuttle Buses to the National Aquarium

Dinner and Cash Bar in Marine Mammal Pavilion

Shuttle Buses Return to Radisson Hotel

Thursday, 18 November 1993

8:00 a.m. General Session
- 12:00 noon Calvert Ballroom, Salon C
Chemical Technology
Presiding: Kurt D. Getsinger, WES, Vicksburg, Mississippi

8:00 a.m. Overview of Chemical Control Studies

*  Kurt D. Getsinger, WES
Vicksburg, Mississippi
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8:15 a.m.

8:30 a.m.

8:45 a.m.

9:00 a.m.

9:15a.m.

9:30 a.m.
10:00 a.m.

10:15 a.m.

10:30 a.m.

10:45 a.m.

11:00 a.m.

11:15 a.m.

11:30 a.m.

11:45 a.m.

12:00 noon

2,4-D Update
* Donald L. Page, Industry Task Force I1
Belhaven, North Carolina

Herbicide Concentration/Exposure Time Studies (32352)
*  Michael “Mike” D. Netherland, WES
Vicksburg, Mississippi

Herbicide Delivery Systems (32437)
*  Michael “Mike” D, Netherland, WES
Vicksburg, Mississippi

Herbicide Plant Tissue Burden Relationships (32437)
* John H. Rodgers, University of Mississippi
Oxford, Mississippi

Field Evaluation of Herbicides in Guntersville Reservoir
* Earl R. Bums, TVA
Muscle Shoals, Alabama

Break

Herbicide Application Techniques for Flowing Water (32354)
* Alison M. Fox, University of Florida
Gainesville, Florida

Triclopyr Field Evaluation: Application and Water Residues (32404)
*  Kurt D. Getsinger, WES
Vicksburg, Mississippi

Triclopyr Field Evaluation: Target/Non-Target Efficacy (32404)
* John D. Madsen, WES-LAERF
Lewisville, Texas

Species-Selective Use of Herbicides/PGRs (32841)
*  Kurt D. Getsinger, WES
Vicksburg, Mississippi

Monitoring Herbicide Induced Stress in Submersed Plants (32352)
* Susan L. Sprecher, WES
Vicksburg, Mississippi

Evaluation of Plant Growth Regulators (32578)
* Linda S. Nelson, WES
Vicksburg, Mississippi

Phenology of Aquatic Plants: Eurasian Watermilfoil (32441)
* John D. Madsen, WES-LAERF
Lewisville, Texas

Report on Tuesday’s Division/District Working Session
*  Wayne T. Jipsen, USAE District
Jacksonville, Florida

Adjourn 28th Annual Meeting
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1:00 p.m. FY9S Civil Works R&D Program Review
-4:00 p.m. (Corps of Engineers Representatives Only)
Calvert Ballroom, Salon E

Posters And Demonstrations

Comparisons of Stocking Rate Model Results for Guntersville Reservoir and Lake
Marion Stocking Efforts (32438)
* R. Michael Stewart, WES, Vicksburg, Mississippi

HERBICIDE Simulation Model (32439)
* R. Michael Stewart, WES, Vicksburg, Mississippi

Geographic Information System Technology in the Field Office (32506)
* Scott Boume, WES, Vicksburg, Mississippi

Estimation of Water Movement in Submersed Aquatic Macrophyte Beds by Gypsum
Dissolution (32405)
* Harry “Butch” L. Eakin, WES, Vicksburg, Mississippi

Biological Control Course for Jacksonville District
* Michael J. Grodowitz, WES, Vicksburg, Mississippi

Impact of Cold Temperatures on Hydrellia Larvae (32734)
* Ramona H. Warren, WES, Vicksburg, Mississippi

New Biocontrol Agents
* Jan E. Freedman, WES, Vicksburg, Mississippi

Fish Utilization of Aquatic Plants: A Framework for Research
* K. Jack Killgore, WES, Vicksburg, Mississippi

Hydrilla Defense Mechanisms: Gene Induction of Phenolic Compound Biosynthesis
* Stewart L. Kees, Vicksburg, Mississippi

New APCRP Educational Tools: Videotapes and Videodiscs
* Victor Ramey, University of Florida, Gainesville, Florida
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Conversion Factors,
Non-Sl to Sl Units of Measurement

Non-SI units of measurement used in this report can be converted to SI units as follows:

Multiply By To Obtain
acres 4,046.873 square meters
acre-feet 1,233.489 cubic meters
degrees (angle) 0.01745329 radians

feet 0.3048 meters
gallons (U.S. liquid) 3.785412 liters

inches 2.54 centimeters
miles (U.S. statute) | 1.609347 kilometers
ounces (mass) ‘ 28.34952 grams

pound (mass) l 0.4535924 kilograms
quarts (U.S. liquid) j 0.9463529 liters

square feet [ 0.09290304 square meters
tons (mass) per acre j 0.22 kilograms per square meter
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Introduction

The Corps of Engineers (CE) Aquatic
Plant Control Research Program (APCRP) re-
quires that a meeting be held each year to pro-
vide for professional presentation of current
research projects and to review current opera-
tions activities and problems. Subsequent to
these presentations, the Civil Works Research
and Development Program Review is held.
This program review is attended by represen-
tatives of the Civil Works and Research De-
velopment Directorates of the Headquarters,
U.S. Army Corps of Engineers; the Program
Manager, Environmental Resources Research
and Assistance Programs (ERRAP); and repre-
sentatives of the operations elements of vari-
ous CE Division and District Offices.

The overall objective of this annual meet-
ing is to thoroughly review the Corps aquatic
plant control needs and establish priorities for
future research, such that identified needs are
satisfied in a timely manner.

The technical findings of each research ef-
fort conducted under the APCRP are reported
to the Manager, ERRAP, U.S. Army Engineer
- Waterways Experiment Station, each year in
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the form of periodic progress reports and a
final technical report. Each technical report
is distributed widely in order to transfer tech-
nology to the technical community. Technol-
ogy transfer to the field operations elements
is effected through the conduct of demon-
stration projects in various District Office
problem areas and through publication of
Instruction Reports, Engineer Circulars, and
Engineer Manuals. Periodically, results are
presented through publication of an APCRP
Information Exchange Bulletin, which is dis-

tributed to both the field units and the general
community. Public-oriented brochures,
videos, and speaking engagements are used to
keep the general public informed.

The printed proceedings of the annual
meetings are intended to provide all levels of
Corps management with an annual summary
to ensure that the research is being focused on
the current nationwide operational needs.

The contents of this report include the pre-
sentations of the 28th Annual Meeting held in
Baltimore, MD, 15-18 November 1993.



Current and Future Changes in the Aquatic Plant
Control Research Program

by

J. L. Decell!

Over the past 19 years, there have been
many changes to the Corps Aquatic Plant Con-
trol Research Program (APCRP). While all
of these have not been major changes, they
have been significant because they were made
to respond to changing trends in both the
science of our work and in the need for more
improved methodologies for Operations, who
were being responsive to changing require-
ments in the field. While I want to concentrate
on the potential for changes in the current and
future program, I want to first reflect on a few
of these past changes.

During the late 1960s and early 1970s, the
emphasis was on the control of alligatorweed
and waterhyacinths. The primary methods
being employed were herbicides and mechani-
cal devices. Biological agents were being re-
leased on alligatorweed, and there were a few
insects in quarantine for waterhyacinths; but
this technology area was in its infancy, and
there was no indication of success for bio-
control. We placed great faith in our premise
that if our understanding of the natural systems
was correct, then biocontrol should work and
be our long-term method of control.

Alligatorweed populations began to reduce
throughout the release regions, and we had a
success on our hands. Unfortunately, our pre-
decessors had not anticipated an operational
success. We found ourselves with no way to
capitalize and repeat the success for water-
hyacinths. It was this experience that caused
the first change in the APCRP. We began to
focus on the long-term aspects of all of the
control methods. We became a proponent of
the way that we conducted our research, and
not a proponent of any particular method of
control. We were thus able to gain success

with waterhyacinth insects and had one major
advantage. We could explain why and how
effects took place and why variations were
not surprising.

We also became committed to do our re-
search so thoroughly that we would never have
_fodoitagam, That is not entirely possible,

but it is an objective that has merit. I can
personally testify, in that we only built one
CO?2 laser.

We also began to develop models and sim-
ulations. It not only provided us with some re-
search tools and a method for extrapolating
results, but, equally important, it gave us the
capability to conduct “what if?” evaluations.
At this time, we also initiated studies on the
ecology of the plants and began for the first
time, to gain a knowledge of our “enemy.”

About this same time, the Jacksonville Dis-
trict began to focus on a long-term approach
for reducing the waterhyacinths on the St.
Johns River to a maintenance level using her-
bicides. It took a couple of years, but they
were successful; it was a prelude to the re-
searchers and the operations people working
together in the field. It was also a prelude to
the formation of the Aquatic Plant Control
Operations Support Center. From that time
on, almost every research unit in the APCRP
has a clearly identified operational objective
before the research 15 initiated:

As the populations of alligatorweed and
waterhyacinths were reaching maintenance
levels throughout the Southeastern United
States, it was obvious that the submersed
plants hydrilla and milfoil were rapidly ex-
panding. It was equally obvious that we had

1 Manager, Environmental Resources Research and Assistance Programs.
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not been conducting a commensurate level of
research on these plants. The next change was
to shift the emphasis of research to the sub-
mersed species. Shortly after that, we focused
our research on these plants in a flowing
water environment. The rationale was that if
we could successfully apply technology in a
dynamic environment, we could repeat that in
a “static” environment; but the converse was
not true.

Our simulation capabilities allowed us to
forego costly field evaluations of mechanical
devices, and we essentially ended all research
on mechanical harvesters.

Through this process, we now had a re-
search program that consisted of long-term
management technology (biocontrol), methods
for herbicide use that reflected a Jong-term
objective, and studies devoted to the under-
Mf the plants role in the environment,
both positive and negative.

One of our more current changes is reflected
in the establishment of the Lewisville Aquatic
Ecosystem Research Facility (LAERF). This
facility provides a midscale level research fa-
cility that ensures a much greater degree of
successful field applications for developed
technologies. Prior to the establishment of
the LAERF, we were forced to conduct very
costly, large-scale field evaluations. Today,
when we take a technology to the field, it is
essentially an operational application. We
are simply collecting data to quantify what
we already knew was true!

Another current change has been the study
of convective hydraulic circulation, which
proves that for aquatic plant control, there is
no such condition as “static.” This knowledge
is explaining former apparent anomalies in
herbicide treatment results, and is beginning
to be incorporated into herbicide treatment
techniques that make them more and more
environmentally compatible.

A significant current change has been the
initiation of research to develop the relation-
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ships between aquatic plants and fish. An ad-
ditional change was a Congressional add-on
for work to be conducted with the University of
Miami. This not only provides an opportunity
to broaden the technical scope of the APCRP,
but to bring technical disciplines, formerly
not accessible, to the management of aquatic
plants as a component of the aquatic ecosystem.

The last major current change is the estab-
lishment of the Corps’ Center for Aquatic
Plant Research and Technology at the U.S.
Army Engineer Waterways Experiment Station.
This center has the mission to coordinate all
Federal aquatic plant research and act as a
clearing house for information, technology,
and interactions with regulatory agencies.

In the future, we will have to take an even
broader view of aquatic plant management
than we have begun to do recently. Recently,
I challenged the scientists of the APCRP to
consider the fact that aquatic plants are a major
component of an aquatic ecosystem. The fact
that they are causing a problem should not be
the primary consideration in scoping the re-
search or in developing a tactic to manage the
plant population. The primary considerations
should be the role of the plant in the aquatic |
ecosystem, the interactions existing between [
the other components, and the relationships -)
between these components.

My reason for this challenge is simple. If
we recognize that we are managing a signifi-
cant component of an aquatic ecosystem, then
we will not conduct the same research in the
future as we have conducted in the past. Even
if some of it is the same type research, we will
not conduct it in the same way. Our research
and our operational actions must begin to re-
flect the knowledge that we are managin
habitat. It is not enough to simply determine
what effect our management actions have on
other components and organisms; we must ini-
tially recognize that we are manipulating a
part of the habitat, and we must know how to
do that in a compatible manner.
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Major areas of interest and research in the
future will be as follows:

* Relationships between fish and aquatic
plants.

* Economic valuation of aquatic plant con-
trol programs—worth to the user.

* Cause and effects between freshwater
ecosystems and estuarine systems.

* Partnerships with regulatory agencies so
they have a better understanding of our
programs and objectives.

* Better partnerships with other Federal
agencies for sharing technology.

* Better partnerships with user/interest
groups to accommodate their objectives
into existing programs and thereby
change the programs.

*  More proactive efforts to educate the pub-
lic and the interest groups regarding the
true nature of our business—not public
information efforts—education!
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* Increased investments in scholarship pro-
grams as an investment in the future of
aquatic plant management.

The future, based on current trends, can
only hold the promise of having to do better
with less—not necessarily doing more, but
taking a longer range view of objectives, pri-
oritizing on that basis, and then doing less
numbers of things with increased quality for a
long-term dividend. There will still be “brush
fires” to fight, but it should be the easy excep-
tion—not the way we routinely do business.

Whether or not you think you must make
the shift to “habitat management” because
you believe that there is a “new environmen-
tal movement,” or “the old movement is con-
tinuing,” is not really the point. The problem
levels of aquatic plants occur in a ecosystem
and are habitat to organisms. If we propose
to alter that, to meet the requirements of the
users of that system, then the recognition that
we are managing habitat is simply doing the
right thing right!
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Annual Report—Aquatic Plant Control
Operations Support Center

Wayne T. J ipsen1

In October 1980, the Jacksonville District
was designated by Headquarters, U.S. Army
Corps of Engineers (HQUSACE) as the
Aquatic Plant Control Operations Support
Center (APCOSC) in recognition of the
District’s knowledge and expertise gained
through the administration of the largest and
most diverse aquatic plant management pro-
gram in the Corps. The APCOSC personnel
assist other Corps elements and other Federal
and state agencies in the planning and opera-
tional phases of aquatic plant control.

The specific duties of the APCOSC and re-
lationships with other Corps aquatic plant con-
trol (APC) programs as outlined in Engineer
Regulation 1130-2-412 are as follows:

* Provide operational guidance to Corps
Districts in the planning phases of APC
programs.

* Provide technical guidance to Corps Dis-
tricts in the operational phases of APC
programs.

* Provide operational expertise and/or
personnel and/or equipment to respond to
localized, short-term critical situations
created by excessive growths of aquatic
plants.

* Provide assistance to HQUSACE and Di-
vision offices for the training and certifi-
cation of Corps application personnel.

* Assist the U.S. Army Engineer Waterways
Experiment Station (WES) in the field ap-
plication and evaluation of newly devel-
oped control techniques or procedures.

* Provide assistance to HQUSACE in the
development and administration of a com-
prehensive Corps-wide APC program.

The demand for and type of services per-
formed by the Center vary from year to year,
based on the type of problems encountered by
Corps elements and other agencies. Four basic
types of information are requested: planning,
operations, research, and training. Planning
assistance includes determinations of water
body eligibility and allowable costs, computa-
tion for benefit-cost ratios, methods of data
acquisition, and other factors that enter into
the process of planning an APC program. Op-
erations assistance involves most aspects of
chemical, mechanical, biological, and inte-
grated technology. The Center provides data,
information, and recommendations relating to
operational activities. Information on research
activities is provided to requestors if available,
or the requests are referred to WES. Training
assistance includes providing materials for
use in educational and training programs and
presentation of the Pesticide Applicators
Training Course and the Aquatic Plant Man-
agement Course by Center staff.

During fiscal year 1993 (FY93), the Center
responded to 145 requests for assistance. Fig-
ure 1 indicates the types of information re-
quested; Figure 2 provides a breakdown
regarding source of information requests.

Operational support activities during the re-
port period included a wide range of activities.
Site visits conducted by the Center during the
year included a trip to the Memphis District
to evaluate curly leaf pondweed in Reelfoot

1 U.S. Army Engineer District, Jacksonville; Jacksonville, FL.
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Figure 1. Types of information requested Figure 2. Sources of requests
Lake, participation in hydrilla management Spoil sites” at the Wetlands Restoration Pros-
workshops at Lake Seminole (Mobile District), pect Course; (c) teaching the aquatic plant
John H. Kerr Reservoir (Wilmington District), identification and control portion of the Navy’s
and the Lake Marion/Moultrie/St. Stevens “Pest Control Training Course”; (d) providing
Power Plant complex (Charleston District), a history and overview of the Corps of Engi-
and a visit to Puerto Rico to evaluate water neers role in the biological control of alligator-
quality problems associated with floating veg-  weed during an East Coast (Florida) applicators
etation. The annual collection and shipment workshop; (e) presenting an aquatic plant
of alligatorweed flea beetles was canceled in management workshop at the South Atlantic
FY93 because of a lack of insects in the Division’s Ranger Conference; and (f) pro-
donor areas. This activity will be resumed in viding airboat training for a number of Corps
FY94 if insect populations are adequate. employees and visiting representatives of the
Mexican government. In addition to these
The Center conducted and/or participated formal training activities, Center staff also
in a number of training activities which in- participated in a variety of activities at the
cluded the following: (a) development of a annual meetings of the Aquatic Plant Manage-
session for the Jacksonville University seminar ment Society (APMS), the Mid-South APMS,
on aquatic plant management; (b) teaching a and the Florida APMS.

section on “Control of Exotic Vegetation on
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Annual Report of the Lewisville Aquatic
Ecosystem Research Facility

R. Michael Smart!

Introduction

The Lewisville Aquatic Ecosystem Re-
search Facility (LAERF) is being developed
and operated under the Aquatic Plant Control
Research Program (APCRP) to provide
intermediate-scale research environments to
support studies of the biology, ecology, and
control of aquatic plants. The LAERF is pri-
marily funded by research projects of the resi-
dent staff and from fees charged to users of
the ponds. The facility also receives partial
funding (currently about 10 percent of the op-
erating budget) directly from the APCRP to
assist in its renovation and development.

The objective of this article is to provide
an update on the continuing renovation,
development, and operation of the LAERF.

Research Environments

The importance of scale in the study of sub-
mersed aquatic plants has recently been em-
phasized (Farmer and Adams 1989). Critical
processes occur at different hierarchical lev-
els from the individual plant (physiology and
phenology), through plant populations (phe-
nology), communities (competition), and eco-
systems (plant succession and fish-plant
interactions). Understanding the role of sub-
mersed aquatic plants in aquatic ecosystems
under the Corps’ stewardship and developing
appropriate long-term management strategies
for these reservoirs and waterways will require
study of aquatic plants at each of these hierar-
chical levels.

The important uses of various scales of re-
search are described in Table 1. Physiological
processes such as photosynthesis and nutrient
uptake are best studied in small-scale, closely
controlled laboratory or growth chamber sys-
tems. However, determination of the effects
of these physiological processes on the growth
or phenology of aquatic plant populations re-
quires longer term study in larger systems
such as greenhouse tanks, mesocosms, or
ponds. Community interactions such as plant
competition, fish-plant interactions, and the
effects of biological or chemical control on
the species composition of aquatic plant com-
munities can also be appropriately studied in
mesocosms or ponds. Slower processes such
as plant succession or the recolonization and
recovery of plant communities following
widespread disturbance or management opera-
tions are perhaps best studied in whole ponds
or lakes. Assessing the impacts of exotic spe-
cies on aquatic ecosytems also requires long-
term observation and analysis of ponds, lakes,
OI Ieservoirs.

Small-scale studies provide rapid and inex-
pensive results, are easy to manipulate, can be
replicated, and allow for maximum control and
sensitivity. Large-scale studies are slow (per-
haps lasting several years), difficult to con-
trol, expensive to conduct, often unreplicated,
and less sensitive, and their results may be
complicated by uncontrolled factors. How-
ever, since long-term results are not always
predictable based on the behavior of smaller,
simpler systems, large-scale studies or tests
of management strategies are the only “true”
experimental tests of developing technology.

1 U.S. Army Engineer Waterways Experiment Station, Lewisville Aquatic Ecosystem Research

Facility, Lewisville, TX.
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Table 1
Importance of Different Spatial and Temporal Scales In Aquatic Plant Research
Scales Hierarchlal Level Research Environment Considerations
Small-scale Plant, tissue, cell Laboratory Easy to manipulate
Short-term Growth chamber Closely controlled environmental conditions
) Rapid screening
Population Raceways Focus research
Greenhouse tanks
Midscale Population Mesocosms Easy to manipulate
Seasonal Contained pond populations Moderately controlled environmental conditions
) Relatively rapid results
Community Mesocosms o Physical size adds “realism"
Contained pond communities
Large-scaie Community Ponds Difficult to manipulate
Long-term Lake/reservoir exclosures Many uncontrolled environmental conditions
Requires long-term observation
Ecosystem Ponds Only “true” test of technology
Lakes
Reservoirs
Waterways

Since these larger tests are so slow and expen-
sive, it is very important that the factors af-
fecting the outcome of management actions

be clearly identified and studied prior to large-
scale testing. An intermediate-scale environ-
ment employing mesocosms or artificially
contained populations or communities in ponds
provides a near-optimum research environment
with acceptable environmental control and ad-
equate replication, at a scale that allows an ap-
propriate degree of realism without too great

a sacrifice in time or research funds.

In addition to ponds, the LAERF also in-
cludes other smaller scale research environ-
ments (Table 2) that facilitate research on
plants, populations, or communities and allow
us to optimize the use of the ponds for larger
and longer term studies. The characteristics
of these different facilities and the research
conducted in them are documented in an
APCRP bulletin (Smart and Decell 1994),

During fiscal year 1993 (FY93) the
temperature-controlled greenhouse tanks were
used in several short-term (5 to 9 weeks dura-
tion) studies to provide information on the
competitive abilities of beneficial native
plants and on the regrowth of exotic species
under different light and temperature condi-
tions. These tanks were also used to culture
plant material during the winter and early
spring months when plant populations in the
culture ponds were dormant.

8

Smart

A shallow-water tank system was added in
FY93 to support studies of the life cycle or
phenology of aquatic plants. This system con-
sists of twenty-four 2,000-L capacity fiber-
glass tanks measuring 1.8 m in diameter and
0.75 m in depth. The tanks are supplied with
water from the Chemical Control Mesocosm
System (CCMS) water-supply pond. In addi-
tion to supporting studies of the phenology of
exotic aquatic plants, the system was used in
Environmental Protection Agency (EPA)
sponsored studies of the interactive effects of
adverse sediment and water composition on
the establishment and growth of aquatic and
wetland plants.

Flowing-water raceways were in use
throughout the year for culturing/holding
aquatic plants and animals as well as holding
sensitive aquatic plants during the winter.
Many laboratory, greenhouse, and mesocosm
studies require plant material during the win-
ter or early spring, prior to the onset of active
growth in the culture ponds. To conduct
aquatic plant research throughout the year and
to initiate mesocosm studies in the early

spring, it is necessary to maintain needed spe-

cies in greenhouse/raceway cultures during
periods when they would be unavailable from
the culture ponds.

During FY93, the CCMS was expanded

from 22 to 30 mesocosm tanks to meet the
high demand for this system. The system was
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Table 2

Experimental Systems Available at the Lewlsville Aquatic Ecosystem Research Facility

Physical Size (volume,

Experimental System surface area, depth)

Replicablillty (No. of Units) | Factors Controlied

Greenhouse tanks 1,200 L, 1.35 m?, 0.86 m

20 Temperature, Light, Water
depth, Sediment
composition, Water
composition, Species
composition, Inorganic
carbon supply, Other biotic
components

Shallow-water tank system 2,000 L, 2.65 m?, 0.75 m

24 Light, Water depth,
Sediment composition,
Water composition, Species
compostion, Other biotic
components

Flowing-water raceways 3,600 L, 6.0 m?, 0.60 m

18 Light, Water depth,
Sediment composition,
Water flow, Species
composition, Other biotic
components

Chemical Control
Mesocosm System

6,500 L, 5.3m?% 1.25m

30 Light, Water depth,
Sediment composition,
Water composition, Species
composition, Other biotic
components

Variable Depth and Light 14,000 L, 4.7 m?,1.0-3.0 m

18 Light, Water depth,

2,100 - 3,200 m?,
average 1.1 m

Tank Facility Sediment composition,
Water composition, Species
composition, Other biotic
components

Ponds 2,000,000 - 3,500,000 L, 18-12 Water depth,

Water composition?
Species composition?

used to investigate the use of species-selective
herbicides to manage mixed aquatic plant
communities dominated by exotic species and
in studies of the efficacy of plant growth regu-
lators to eliminate canopy formation in exotic
species. In addition to the tanks, the CCMS
also includes a lined water-supply pond, grow-
out pond, and a small laboratory. During
FY93, the usable area of the growout pond
was doubled to accommodate the increased
need to produce plants for use in the CCMS
and other experimental systems. Also in
FY93, we expanded our sediment preparation
area, and we added plant processing facilities
to expedite data collection.

The Variable Depth and Light Tank Facility
(VDLTF) became operational in FY93 and
was used to study the regrowth of exotic spe-
cies under different light and temperature con-
ditions. This system currently consists of

Proceedings, 28th Annual Meeting, APCRP

nine 14,000-L capacity, fiberglass tanks mea-
suring 2.5 m in diameter and 3 m in depth. The
tanks are equipped with parabolic diffuser cov-
ers to disperse sunlight and to prevent shad-
owing by the tank sidewalls, which are black
to minimize reflected light. These design fea-
tures were necessary to mimic the light climate
occurring in natural aquatic systems. The
VDLTF shares both the water-supply pond
and growout pond with the CCMS.

The LAERF ponds are an integrally impor-
tant research environment—intermediate in
size between the laboratory/greenhouse and
large, multipurpose Corps’ reservoirs. We
are continuing to renovate the ponds based on
demand and availability of funds. During
FY93, 26 of the ponds were used for research,
5 ponds were used to culture plants used in re-
search, and 19 additional ponds were available
for use.

Smart




In addition to the ponds, Lewisville Lake,
located immediately adjacent to the LAERF,
and Lake Ray Roberts, 5 miles' up the Elm
Fork Trinity River from Lewisville Lake, pro-
vide additional opportunities for large-scale
research. Both of these Corps reservoirs have
recently been invaded by hydrilla. Although
it is indeed unfortunate that hydrilla has be-
come well established in Lake Ray Roberts,
the close proximity of these lakes to the
LAERF does provide opportunities for close
study and observation of the mechanisms and
rates of hydrilla expansion. Identification of
important environmental factors contributing
to hydrilla expansion and assessment of the
efficacy of various management operations
could provide important information needed
to improve our ability to manage the growth
of this troublesome exotic species in these
and other Corps reservoirs.

An onsite analytical laboratory continues
to provide analytical support to many of the
APCRP research projects conducted at the
LAERF. We are also continuing an environ-
mental and water quality monitoring program
to obtain basic information on the environ-
mental conditions and water chemistry of the
ponds, tanks, and mesocosms.

In FY93, improvements were made to our
plant processing laboratory, and we began
work on a plant physiology laboratory. Im-
provements included a covered, outdoor root-
washing station and additional oven space for
drying the large volumes of plant material col-
lected during major harvests. The physiology
laboratory will house instrumentation and
equipment that will enable us to study import-
ant physiological processes such as photosyn-
thesis and nutrient uptake.

Research

All major technology areas of the APCRP
are benefitting from research conducted at the
LAERF. Many of these research projects are
described in other sections of this report. Dur-

ing FY93, biological control was represented
by studies of the efficacy of a microbial patho-
gen for control of hydrilla. Chemical control
studies included an evaluation of the efficacy
of a plant growth regulator to prevent canopy
formation in exotic, weedy species and a pre-
liminary study on the use of a low-level herbi-
cide application to achieve species-selective
control in a mixed aquatic plant community
dominated by an exotic species. Several pond
and tank studies were conducted to provide in-
formation on the phenology (or life cycle) of
waterhyacinth and Eurasian watermilfoil.
These studies should lead to advances in the
area of applications technology. Simulation
technology benefited from the collection of
data in both greenhouse tanks and the VDLTF
on hydrilla tuber sprouting and regrowth of
hydrilla and Eurasian watermilfoil from root
crowns and apical stem fragments under dif-
ferent low light conditions. Within the ecol-
ogy area, studies were conducted to examine
fish-plant interactions, including changes in
fish growth and behavior in relation to the
species of submersed plant cover. Additional
studies within the ecology area included both
pond and greenhouse studies of competitive
interactions among introduced weedy species
and beneficial native species.

In addition to the APCRP-sponsored re-
search, the facility is also supporting the
Corps’ Wetlands Research Program. In FY93,
LAERF ponds were used in a collaborative ef-
fort between the U.S. Army Engineer Water-
ways Experiment Station (WES) and Texas
A&M University to evaluate moist soil man-
agement strategies for waterfowl habitat
enhancement. The LAERF was also involved
in a mesocosm and field study of nonpoint
source pollution abatement in artificial wet-
lands, and a WES Hydraulics Laboratory
study of the effects of wetland vegetation on
water flow and sedimentation.

The LAERF also provides research on
aquatic plants and wetlands for other Federal
agencies provided that this research comple-
ments ongoing APCRP efforts. During the

1 A table of factors for converting non-SI units of measurement to SI units is presented on page xxiii.
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past 4 years, LAERF greenhouse tanks and
shallow-water outdoor tanks have been used to
provide data needed for an EPA Clean Lakes
Program Demonstration Project concerned with
reestablishing submersed aquatic and emergent
wetland vegetation to improve water quality
and provide aquatic habitat in chronically
polluted Onondaga Lake, New York. During
FY93, LAEREF scientists conducted an EPA-
sponsored study of experimental techniques
for establishing aquatic and wetland vegeta-
tion at an artificial wetland development site
on Lake Ray Roberts, Texas. During FY93,
the LAERF was also used to conduct tank and
pond studies to provide data needed to deter-
mine the potential impacts of herbivorous
turtles on the reestablishment of submersed
aquatic vegetation in Guntersville Reservoir.
This research, which will continue in FY94,
is funded by Tennessee Valley Authority.

Future Plans

Renovation and development of the LAERF
will continue during FY94. The successful
operation of the VDLTF has prompted the ex-
pansion of this facility from 9 to 18 tanks to
meet anticipated demand. During FY94, we
are adding a neutral-density shade covering to
the CCMS to moderate high light levels and
high summer temperatures. The laboratories
will continue to be equipped based on need
and availability of funds.

During FY94, we anticipate an additional

increase in activity associated with APCRP re-
search conducted at the facility. We anticipate
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relocating an additional government em-
ployee to LAERF to assist in the conduct of ex-
panded CCMS studies. Several additional
contractors will also be sought to maximize
the utilization of (and potential benefits pro-
vided by) the excellent research facilities now
available at the LAERF.
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Hydroacoustic Measurement and Automated Mapping
of Submersed Aquatic Vegetation

Bruce M. Sabol,1 Richard L. Kasul,l R. Eddie Mellon,1 and David A. Marino®

Introduction

Available methods for mapping the distri-
bution of aquatic vegetation rely on detecting
plants at or near the water surface. Conse-
quently, vegetation surveys are often not
started until the plants are well developed and
have begun to reach the water’s surface.
When surveys are conducted, the observed
distribution of plants visible at the surface
tend to underrepresent the actual distribution
of the plants.

Hydroacoustic methods have been used ex-
perimentally to detect submerged vegetation
(Maceina and Shireman 1980; Maceina et al.
1984; Thomas et al. 1984; Duarte 1987;
Thomas et al. 1990). The susceptibility of un-
derwater plants to acoustic detection suggests
that effective submersed aquatic vegetation
surveys can be performed earlier with acoustics
than with traditional methods. In addition, it
suggests that the spatial extent of vegetation
can be potentially described more completely
with acoustical methods than with traditional
methods. These two advantages, earlier detec-
tion and better spatial delineation, make it possi-
ble to provide more lead time for planning plant
control activities and may make it possible to
provide more environmentally compatible and
effective aquatic vegetation control.

Acoustic signal processing used to extract
data from the echo returns of plants can be ac-
complished in real time to produce a digital
data stream suitable for distribution mapping.
When combined with geographic coordinate
data from the global positioning systems
(GPS) and the geographic mapping capabilities
of geographic information systems (GIS), a

complete aquatic plant survey package can
provide accurate and complete mapping of
aquatic plants.

The purpose of this project is to integrate
existing hydroacoustic, GPS, and GIS technol-
ogies into a single package suitable for accu-
rately mapping the spatial extent of submersed
aquatic vegetation during early growth stages
when plants are not yet detectable at the sur-
face. The project has four major tasks (Fig-
ure 1). First, a hydroacoustic (HA) task
involves identifying a suitable acoustic system
for detection and discrimination of aquatic
vegetation. This entails identifying sonar
system characteristics appropriate for plant de-
tection and developing signal processing soft-
ware for detecting and discriminating aquatic
plants. Second, accurate real-time position
data are acquired with GPS equipment. Third,
the position data are combined with acoustic
data into a single data stream. This task in-
volves using commercially available software
for real-time consolidation of acoustic and
positioning data. Finally, a mapping task
involves developing an overall package for
mapping and display of aquatic vegetation.

In this report, we summarize progress
made this past year toward accomplishing
these four tasks. We also report on results
from experimental collections of acoustic
data from aquatic plants in Lake Guntersville,
AL. The data were collected (a) to identify
echo levels from aquatic plants at various
stages in their development; (b) to determine
how echo levels vary with acoustic transmis-
sion frequency and transducer beam width;
(c) to investigate our ability to detect sparse,
early-growth vegetation; (d) to determine the

1 ys. Army Engineer Waterways Experiment Station, Vicksburg, MS.

2 Biosonics, Inc., Seattle, WA.
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near-surface performance of acoustic detection;
and (e) to evaluate the bottom detection capa-
bilities of acoustic systems in the presence of
sound attenuation caused by dense vegetation.

Methodology

Field testing was performed during 21-26
June 1993 at Guntersville Reservoir in north-
eastern Alabama. Tests were conducted around
the plant exclosures near the Chisenhall Ramp,
located approximately 5 km downstream of
Comer Bridge (Highway 35) at Scottsboro
(Figure 2). Depths ranged from 4 m in the
middle of the secondary channel to less than a
meter northeast of the exclosures. At the time
of testing, aquatic vegetation, primarily Eura-
sian watermilfoil (Myriophyllum spicatum),
was topped out to depths of about a meter and
was present at lesser density to a maximum
depth of about 2.5 m. Reservoir elevation dur-
ing this time was approximately 594.5 ft msl.

Implementation tasks (2-4 in Figure 1)
were performed separate from the HA task
(1). Once procedures for tasks 2-4 were estab-
lished, emphasis could be placed on the HA
research task. When completed, the HA sys-
tem could be substituted for the echo sounder
initially used in tasks 2-4. Procedures used in
the various tests are described below.

Positioning, data linkage,
and spatial processing

Table 1 lists equipment and software em-
ployed. The GPS systems use only coarse ac-
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Table 1
Equipment and Software Used
for Tasks 2-4
Componen
t Description
GPS 2 — Trimble 4000 SST GPS receivers
2 — Trimble GPS antennas
Radio 2 — Motorola model M 208 (40-watt UHF
radio)
1 — 3-m UHF fiberglass whip antenna
(base station)
1 — 1-m UHF magnetic mount antenna
(mobile unit, boat)
Modem 1 — BDLC base Modem
1 — MRM mobile modem
Fathometer | 1 — SDH-13A sounder with Odom
Digitrace (DT3MS)
1 — 200 kHz, 10-deg transducer
Computer 1 — Sharp PC-5500 with black and white
monitor (286 laptop, for field use)
Software 1— GeoLink XDS' v. 2.0 with NMEA format
1— PC ARC/INFO? v. 3.4D Plus
1— PC ARC/EDIT v. 3.4D Plus
1— PC ARC/TIN v. 2.2D
! GeoResearch, Inc., Billings, MT.
2 All PC ARC/products from Environmental Systems
Research Institute, Redlands, CA.

quisition code (C/A code), which is available
to civilian users. One of the two systems is
set up at a known land position (survey bench-
mark) and programmed to radio transmit
position correction data (difference between
benchmark location and C/A code GPS posi-
tion estimate). This transmission is picked up
by the other radio-equipped GPS in the mobile
unit (16-ft johnboat). The GPS position estimate
of the mobile unit is then altered by the trans-
mitted correction. This mode of operation,
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referred to as real-time differentially corrected
GPS (RDGPS), cancels out the effects of se-
lective availability and reduces other error
sources so that average error is about 2.4 m
(Logsdon 1992). This error level was judged
acceptable for the project.

The laptop personal computer (PC) aboard
the boat ran the GeoLink XDS software and
was connected to the GPS unit and an echo
sounder with LCD decimal display via two
RS-232 serial ports. The GeoLink program
read the corrected position data from the
GPS, merged it with digital output from the
echo sounder (which reported the depth of the
first strong echo return), and stored this 1-Hz
output data stream on the hard disk. The pro-
gram also provided navigation graphics to aid
in conducting the survey.

After completion of the field data collection,
the stored data were converted to an ARC/INFO
ASCII format using the GeoLink Editor. These
files were then imported into PC ARC/INFO
using the GENERATE command.

Testing consisted of trying various posi-
tions of the GPS base station, relative to the
mobile unit survey area, until the mobile unit
received uninterrupted radio signals from the
base station, which collected data from the

‘same set of GPS satellites as the mobile unit.

Once this was accomplished, various transect
patterns were run in the vicinity of the exclo-
sures. ARC/INFO software was then used to
generate maps.

Hydroacoustic measurements
and plant sampling

Experimental data collections were made
21-26 June 1993 in Lake Guntersville, AL,
near the Chisenhall Ramp located approxi-
mately 5 km below the Comer Bridge (High-
way 35) at Scottsboro, AL. All data were
collected from four permanent transects for
which end points were identified by buoys
(Figure 2). Eurasian watermilfoil was the
most commonly found nuisance plant species
and appeared to dominate the survey area in
occurrence and plant volume, Three transects
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(AB, CD, EF), approximately 90 m in length,
paralleled the bottom contour at nearly con-
stant bottom depths of 1.5, 1.9, and 2.5 m, re-
spectively. Abundance of milfoil was greatest
along the 1.5-m contour. Here, plants ex-
tended from the bottom to approximately 0.5 m
below the surface. Individual plants or clumps
of plants were spaced every 2 to 4 m. Each
plant or clump of plants intercepted an area of
0.2 to 0.5 m?. Considerable branching was evi-
dent in these plants. Those plants along the
1.9-m contour exhibited nearly the same level
of development, but were spaced at somewhat
wider intervals and exhibited somewhat less
branching. Along the 2.5-m transect, plants
were sparsely distributed single stems that ex-
tended no more than 0.5 m from the bottom.
A fourth transect (GH), approximately 270 m
in length, extended across the depth gradient
and encompassed depths from 4 m to <1 m
(Figure 2). This transect contained the entire
range of plant development from sparse single
stems in the deeper water to dense “topped”
vegetation mats in water less than 1 m deep.

Hydroacoustic data for different acoustic
frequencies and transducer beam widths were
collected by repetitively surveying the four
transects from a pontoon boat. Data collec-
tions were made simultaneously with an array
of scientific-grade calibrated measurement
equipment. This equipment, listed in Table 2,
is the same type used by Thomas et al. (1984).
For the present study, the sounders were cali-
brated at the lowest preamplifier settings
available in each sounder commensurate with
the large reflectance of watermilfoil demon-
strated by Thomas et al. (1984). With this
instrumentation, as many as four different
acoustic configurations were operated simulta-
neously. Switching among the different avail-
able options on different surveys allowed the
user to obtain data on seven different trans-
mission configurations. These consisted of
38 kHz, 10-deg beam width; 120 kHz, 10-deg
beam width; 200 kHz, 6-deg beam width; and
420 kHz with beam widths of 2, 4, 6, and 10
deg. Downward-looking acoustic transducers
were attached to a rigid plate that was sus-
pended with cables through the deck to just
below the surface of the water. All seven
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transducers were mounted along a central axis
in line with the direction of boat movement.
Thus, all transducers that were operated at the
same time sampled the same volume of water
as the boat traversed each transect. A low
light video camera with a VHS recorder was
also mounted on the axial center line of the

Proceedings, 28th Annual Meeting, APCRP

plate in a downward-looking orientation.

This provided a simultaneous visual record of
plant conditions.

Hydroacoustic data were recorded on digi-

tal tape. From the recorded data, backscatter-
ing from plant biovolume was summarized in
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Table 2
Equipment Used as Part of Hydroacoustic
Measurements

Component Description

1 — Biosonics' 102 sounder, 120 and
420 kHz

1 — Biosonics 102 sounder, 200 and
420 kHz

1 — Biosonics 101 sounder, 38 kHz

Sounders

Transducers 1 — 38 kHz, 10-deg beam width
1 — 120 kHz, 10-deg beam width
1 — 200 kHz, 6-deg beam width
1 - 420 kHz, 2-deg beam width
1 — 420 kHz, 4-deg beam width
1 — 420 kHz, 6-deg beam width

1 — 420 kHz, 10-deg beam width

Recording and | 2 — Oscilloscopes

Monitoring 3 — Biosonics 171 Recording Interface
equipment 3 — Sony DAT Recorder, DTC-10000

1 — volt meter
Underwater 1 — low light underwater video camera,
camera Outland Technologoy model

UWC-300, with light source and
monitor
1 — VCR recorder

Power source 1 — gasoline-powered generator

2,500-W Honda

' Al hydroacoustic instrumentation leased from
Biosonics, Inc., Seattle, WA.

0.1-m range classes by voltage-squared echo
integration. Results were used to characterize
volume backscattering levels for plants of dif-
ferent growth stages and for comparison of
backscattering levels associated with different
frequencies and beam widths.

Near the end of the acoustic survey period,
plant samples were taken at nine quadrat sta-
tions identified along the four survey transects
(numbered flags in Figure 2). At each station,
all plants in three randomly placed 1-m quad-
rat samples were collected by divers. Plant
material rooted inside each quadrat was cut
off at the bottom and brought to the surface
one plant or one clump at a time. The number
of stems and the total length of each clump
were recorded; then plants were cut into
25-cm lengths from the base.

For each length, plants were sorted by spe-
cies, the number of stems and leaf whorls
were counted, and both wet and dry weights
were taken. Samples of stem cross sections
were also taken and mounted on laboratory
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slides for microscopic measurement of the
dimensions of the lacunal air space present
in stems.

Current Findings

Preliminary procedure development for
RDGPS usage, data linkage, and spatial data
analysis were completed. Data necessary to
address preliminary HA and phenomenology
questions were also collected, and analysis is
currently underway. A brief summary of the
current results for each task is described
below.

Positioning, data linkage,
and spatial processing

Radio linkage and comparable satellite visi-
bility proved to be the critical factors in suc-
cessful RDGPS operation. Several candidate
base stations proved unworkable because of
either radio interference (high voltage trans-
mission lines) or terrain/vegetation shielding
of certain satellites from the base station. The
final base station location, Chisenhall Ramp,
was within a kilometer of the mobile unit, and
the GPS antenna was elevated 5 m to avoid
vegetation shielding. The range between base
and mobile stations could be increased by using
a more powerful radio. Terrain and vegetation
shielding will always be an important concern,
particularly given the mountainous terrain
along the southeastern shore of Guntersville
Reservoir. As RDGPS technology improves
and permanent radio-transmitting base sta-
tions are established, costs and complexity of
this task will decrease significantly.

No particular problems were encountered
either in linking the data streams with the
GeoLink software or in entering and process-
ing this stream with ARC/INFO software. The
field operation, however, would be improved
with the use of a laptop PC with increased
processing power, more RAM and hard drive
capacity, a mouse, and color VGA display.
Also, some additional research will be neces-
sary to determine the optimum transect pat-
tern needed to accurately describe the spatial
distribution of submersed vegetation.
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Hydroacoustic measurements

Nine repetitions of the transect series were
run for various system configurations. Figure 3
illustrates a graphic example, called an echo-
gram, of the signal generated by one trans-
ducer (420 kHz, 6-deg beam width) for a
portion of the CD transect. The vertical axis
represents distance (meters) from the trans-
ducer face, which was about 10 cm below the
water surface. The horizontal axis represents
output report number, starting at buoy C and
proceeding towards buoy D at a rate of 10 out-
puts per second. The boat speed was approxi-
mately 1.2 m/sec, resulting in an average
distance of 12 ¢cm horizontal distance between
reports. Each report consists of the squared
voltage! per unit volume, corrected for 1-way
geometric spread (20 Log (range) correction),
within each 10-cm depth increment. Higher
return values are represented by darker shades.
Note also that for this particular transducer, no

data are reported in the top five depth incre-
ments. This corresponds to the acoustic near-
field in which the pulse wave front is not yet
formed and from which reliable data cannot
be extracted. This distance varies as a func-
tion of frequency and beam width and is dis-
cussed later. The sediment interface in this
echogram occurs at vertical distance of ap-
proximately 1.3 m and is represented by the
dark band centered at 1.7 m. Plants are repre-
sented by the intermittent dark spikes rising
to 0.5 m vertical distance.

Figure 3 presents several general features
of the data. Plant occurrence and resulting
echo intensity are highly variable spatially.
Also, sediment echo intensity is relatively
constant, although it was variable along other
transects, particularly GH. Plant signatures
can be quite high, and under these conditions,
the bottom may not be evident at all. To
illustrate the overall effect of plants, echo
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Figure 3. Display of digital signal from 420-kHz, 6-deg beam width transducer
along transect CD at 1.2 m/sec

1 Voltage squared is proportional to intensity of the acoustic echo.
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integration (which averages the squared volt-
age returns within each depth layer) was per-
formed for the entire CD transect using the
same transducer. Integration was performed
on two data groupings—all pings (dark
shaded bars) and only those with plants pres-
ent (light shaded bars)(Figure 4). In the all
ping case, the overall effect of plants is rela-
tively minor—the bottom is the most promi-
nent feature. This data grouping accounts for
patchiness of the plants. The plants only case
illustrates that when plants are present (indi-
cated by an above-threshold signal above the
bottom), their signatures may be stronger than
the bottom return. Bottom and sub-bottom
layer echoes may be stronger when plant
roots are present in the sediment.

To satisfy project requirements, several
transducer parameters are of particular import-
ance. The system should have a large dy-
namic range to accommodate the full range of
echo strengths from small echoes generated
by single stems to large echoes generated by
dense mats of vegetation. To achieve the de-

sired operating depth range, the acoustic near
field distance must be no more than 0.5 m.
Range resolution must be sufficiently fine to
be able resolve the plant tops, the structure
within the plant canopy, and the bottom. A
frequency must be selected based on its hav-
ing high sensitivity to sparse vegetation, ac-
ceptably low ambient noise levels, and an
acceptable near-field.

Achieving a short acoustic near-field is
probably the overriding consideration. The
transition distance at which the near-field ends
is usually considered to occur somewhere be-
tween D?/A and 2D?%/A, where A is the wave-
length and D is the diameter of the radiating
face of a circular transducer. The beam width
has a nonlinear inverse relationship with D2,
Short near-field distances are achieved using
high frequency and wide beam widths. Table 3
contains estimated near-field distances for the
transducers used. Only the 420-kHz transduc-
ers with 6- and 10-deg beam width meet the
0.5-m requirement and provide much data
under the shallow test conditions. Another

Voltage squared

0.05 0.25 0.45 0.65 .8y 1.0%

Depth

. All ping

(meters)

Plant present

Figure 4. Echo integration of 420-kHz,
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6-deg transducer along transect CD
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Table 3
Acoustic Near-field Distance
for Transducers Tested
Frequency Beam width Near-field Range,
kHz deg m
38 10 1.34
120 10 0.64
200 6 1.07
420 2 2.24
420 4 0.72
420 6 0.41
420 10 0.15

consideration to achieving short measurement
distances is ringing. This is an artifact of
using a single transducer to transmit and re-
ceive; it results from the transducer’s reso-
nating after the signal pulse ends. Both wide
beam 420-kHz transducers exhibited marked
increases in noise levels at ranges less than
0.5 m. This evidence of ringing suggests that
it may not be possible to obtain measure-
ments at less than 0.5-m distance with a single
transducer.

Frequency comparison analyses were per-
formed along transect FE, which represents
the best example of sparse, short vegetation.
Calibration-adjusted echo-integration results
(V/m?), averaged over three replicates,
showed that backscatter from vegetation in-
creases with frequency. The average increase
is 1.5 times from 120 to 200 kHz and 12.3
times from 200 to 420 kHz. Although this is
less than the (f,/f )* increase predicted by scat-
tering theory (Urick 1983), it is much greater
than the zero increase, which would be attrib-
utable to surface reflectance effects. This
indicates that the phenomena is primarily
caused by volume scattering (i.e., by objects
much smaller than the wavelength, such as
fine leaf structure and bubbles within the
plants). Ambient noise measurements, re-
moved from the effects of close-range ringing,
are all relatively low (well below those of
returns from sparse plants) and exhibit the
expected increase with frequency.

Range resolution is a measure of the mini-
mum distance at which two separate objects
can be resolved in the signal. It is approxi-
mately ct/2, where c is the speed of sound in
water (around 1,470 m/sec) and 7 is the signal
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pulse width in seconds. To achieve a range
resolution of 0.1 m, T should be no more than
0.14 milliseconds (m/sec). The slow rise of
the return signal when the bottom is encoun-
tered (Figure 4) results from using too large a
7 (0.4 m/sec). A fine range resolution would
potentially provide more detailed information
on vegetation and the bottom. A T around
0.1 msec would probably be suitable.

These preliminary analyses suggest that
the transducer should be high frequency, high
dynamic range, relatively wide beam width,
and short signal pulse width. The higher fre-
quency (about 420 kHz) achieves a better
sensitivity to sparse vegetation and minimizes
the acoustic near-field distance. The wide
beam width (=6 deg) also minimizes acoustic
near-field distance; it results in sampling a
larger volume, which should increase sensi-
tivity to vegetation. The short signal pulse
width (about 0.1 msec) should achieve the
range resolution adequate to distinguish slight
differences in canopy height and structure
and to determine the depth of the bottom
more accurately.

Several analyses tasks are ongoing. Physi-
cal plant measurements, obtained by diver
sampling, will be correlated with HA signa-
tures in an attempt to understand the relation-
ship between the two. Additionally, signal
processing algorithms necessary to detect veg-
etation and the bottom and to extract vegeta-
tion attributes will be developed from the
measured HA signal data. Apparently, it will
be necessary to use multiple ping reports to
extract vegetation and bottom information.
Using such a scheme would output one plant
and bottom attribute report for every 10 or
20 ping reports. This output rate is expected
to yield adequate spatial resolution for vegeta-
tion mapping.

Fiscal Year 1994 Plans

We have identified the range of system
configuration parameter values necessary to
achieve our detection goal. We are currently
in the process of comparing these with com-
mercially available HA systems. By the
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summer, we will have obtained a suitable
system and will have integrated it with first-
generation processing algorithms. Testing
with this new system will be performed at
Guntersville Reservoir, and the entire system
(HA/RDGPS/data linkage/GIS) will be tested.
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Valuation of Aquatic Plant Alternatives
at Lake Guntersville: Preliminary Results
from the Recreation Study

Jim E. Henderson

Introduction

Preliminary results from the Lake Gunters-
ville recreation valuation study have been
completed and are presented here. Beginning
in 1990, data were collected on existing recre-
ation use, expenditures, and valuation and use
under different aquatic plant control alterna-
tives. These data were collected in a series of
both onsite and mail-back surveys of Lake
Guntersville recreationists. Data collection
and analyses were contracted with the Envi-
ronmental Resources Assessment Group
(ERAG), comprised of the Department of Ag-
ricultural and Applied Economics, University
of Georgia, and the U.S. Department of Agri-
culture Forest Service, Southeastern Forest
Experiment Station, Athens, GA.

There are three types of economic evalua-
tions of interest in aquatic plant control; that
is, there are three basic questions that should
be answered when choosing one alternative
over-another. These are as follows:

*  Control Alternative Evaluation—What
are the economic benefits associated with
each alternative?

* Economic Impact Evaluation—What are
the impacts on production of goods and
services, income, and job associated
with the different alternatives?

* User Group Evaluation—Are there differ-
ences between recreation user groups in
terms of impacts on and preferences for
aquatic plants?

1

Control Alternative Evaluation

Evaluation of plant control alternatives re-
quires knowing the recreation use and eco-
nomic benefits associated with each of the
alternatives under consideration. Calculation
of economic benefits requires knowing the
costs associated with use of the reservoir.
The cost information was collected through
an expenditure survey of recreation users.
Willingness-to-pay (WTP) for recreation use
under different alternatives was collected
through use of a contingent valuation method
(CVM) survey.

The CVM survey presented five different
plant control alternatives, asking recreation
users to state how many times they would use
the reservoir under the different plant control
conditions, summarized in Table 1. As it
turned out, three of the alternatives were
from recent years so the respondents should
have not have trouble visualizing the plant
conditions.

Table 1
Plant Control Alternatives—
Lake Guntersville

Plant Coverage
Alternative acres Year
Minimum control 34,000
Alternative A 20,000 1988
Alternative B 14,000 1989
Alternative C 8,000 1990
Alternative D Near “0*

For each of the five alternatives, historic
aerial photography was used to develop artist

1 U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS.
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depictions of these six different recreation set-
tings or environments:

* Public boat launch.

* Public recreation area.
* Undeveloped shoreline.
* Marina.

¢ Developed shoreline.

¢ Middle of lake.

To elicit valuation responses for each alter-
native, the CVM questionnaire asked whether
the user would be willing to pay a specified
increase in costs to use the reservoir under the
alternative’s plant conditions. The increases
in costs ranged from $10 to $4,500 per year.

If the respondent answered affirmatively to
the increase in costs, he was asked to estimate
the number of trips he would take under the
increased cost conditions. In this way, the
use (number of trips) and WTP data were col-
lected for each of the alternatives. Economic
benefits are then calculated by taking the
WTP information and subtracting what it
costs to use the reservoir, i.e., the expenditure
survey data.

The CVM survey was developed after a
series of public meetings to elicit input on
aquatic plants, aquatic plant management, and
recreation use. Based on the public input and
historic use patterns, it appears there was a
difference in preferences for aquatic plants de-
pending on the type of recreation use. That
is, the fishers at the meetings believed the
plants are beneficial as fish habitat, whereas
nonfishers believed the plants interfere with
recreation, e.g., clogging boat propellers.
Based on the input from the fishers, one
would expect willingness-to-pay values for
fishermen to increase as the amount and distri-
bution of plants increased. That is, if fishers
believe “the more the better” as far as plants,
then WTP was highest for the Minimum Con-
trol Alternative and lowest for Alternative D.
The opposite should be true for nonfishers.
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The results of the CVM benefit evaluation
are presented in Table 2, showing preliminary
benefit estimates for anglers and nonanglers.
The annual economic value of the five alterna-
tives is presented for the fishers and nonfishers
groups. The estimates are for annual per visi-
tor benefit values. The benefit estimates in
the table were estimated using a CVM valua-
tion model developed from the CVM survey
data. Variables in the model included bid/
costs; i.e., amount of the increase in cost to
use the lake, income of the recreator, age of
the respondent, availability of lake substitutes
or alternatives to using Lake Guntersville,
and whether the respondent owned or rented a
lake residence.

Table 2
Mean Net Economic Value Per Visitor
(willingness-to-pay)

Management Mean Net Economic Value Per Visitor
Scenarlo Fishers, $ Nonfishers, $
Minimum 790.47 -166.29
Alternative A 778.46 593.16
Alternative B 503.77 1,087.47
Alternative C 9.43 1,218.75
Alternative D -639.87 1,168.31

Examination of Table 2 shows that, indeed,
WTP values for the fishers increase with the
amount of aquatic plants, ranging from a high
of $790 for the Minimum Alternative to a low
of $639 for Alternative D. The negative esti-
mates mean that the user would have to be
compensated to still use the lake under that
alternative’s plant conditions. For the non-
fishers, Alternative C has the highest mean
value rather than Alternative D, the “No
Plants” alternative. This could be possibly ex-
plained by the fact that the nonfishers, while
preferring lessor amounts of plants, still recog-
nize that there is a need for some level of
aquatic vegetation for the ecology of the lake
(Environmental Resources Assessment Group
(ERAG) 1993).

Based on the WTP values for fishers and
nonfishers, if an individual had to select the
most desirable alternative, the choice would
be different depending on whether one fished
or not. The alternative that produces the
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highest benefits may not be either of the group
alternatives’ highest WTP values. While WTP
values may be higher for one group, the
amount or proportion of group use may come
into play in determining the alternative that
produces the highest benefits. This is the
case at Lake Guntersville. Decision makers
using this information need to look not only
at the mean WTP values for the groups, but
also at the proportion of use the groups repre-
sent. Table 3 shows that one-third of the
recreation visits are made by fishers, while
two-thirds of the visits are nonfishers.

Table 3

Recreation Visits Use at Developed
Recreation Sites, Lake Guntersville,
Fishers and Nonfishers

Total Onsite
User Group Rec Visits % of Total Visits
All Users 2,844,718 100
Fishers 976,508 34
Nonfishers 1,868,209 66

For comparison of expenditures, Table 4
shows that on the average, per person expendi-
tures are about 9 percent higher for nonfishers
than fishers. The two groups exhibit differing
expenditure and WTP values and have differ-
ent proportions of use. Because of the these
differences, the alternative that produces the
highest net benefits is Alternative B (Table 5),
rather that Minimum (fishers) or Alternative C
(nonfishers)(ERAG 1993).

When considering the $140 million benefit
estimates produced under Alternative B, it
should be emphasized that these benefits are
based on the difference between expenditures
and the WTP values that are given by respon-
dents. The valuation is a response to a hypo-
thetical, though realistic, set of aquatic plant
and recreation conditions. The benefits ac-
crue to the individual, and no money actually
changes hands. Thus, one relying on the
CVM estimate of benefits for selecting one al-
ternative over others should be cognizant of
the nature of the benefits, individual rather
than money in the treasury, and the variables
included in the model. Each of the variables
included in the CVM valuation model has
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been used to predict visitation with differing
degrees of importance (Stoll et al. 1991).

Economic Impact Evaluation

Economic impact evaluation involves de-
termining the change in demand for and pro-
duction of goods and services. Because the
alternatives result in different visitation,
meaning spending is different for the alterna-
tives, the economic impacts resulting from
the alternatives must be compared and evalu-
ated just as the different levels of economic
benefits discussed above. Recreators at Lake
Guntersville spend money for food and sup-
plies at home, perhaps each time before they
come to the lake, and then purchase things at
the lake, from a cold drink or gas for the boat
to a week’s stay at a campground. Addition-
ally, there are annual (e.g., fishing license)
and one-time or infrequent expenditures for
durable goods, such as a new boat or motor.

Recreators to Lake Guntersville expend
money for food, lodging, vehicular costs, and
other goods and services. Increased use of
the lake results in increased demand, produc-
ing increases in production of goods and ser-
vices. The initial purchase of say food or bait
from a lakeside store results in increased
sales from the suppliers, thus resulting in a
ripple or multiplier effect of the purchases.
Multiplier effects cause increases in produc-
tion through many economic sectors, result-
ing in increased gross output, income, and
employment.

To estimate the economic impacts, data
were collected in a mail-back expenditure sur-
vey. The survey elicited expenditure data on
the range of goods, licenses, and services as-
sociated with recreation at Lake Guntersville.
Respondents were asked to state what expen-
ditures were incurred during the last year and
where the expenditures took place. Boaters
may have bought all their vehicle and boat
fuel at home before leaving, having no effect
on economies around Guntersville, or waited
until they got to the lake—thus the import of
knowing where the expenditures take place.
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Table 4

Mean Trip Expenses of the 11-County Impact Reglon (per person, per trip, 1990 dollars)

Management Scenario

Economic Value, $

Minimum

Alternative A
Alternative B
Alternative C
Alternative D

38,245,439.36
111,302,5693.50
140,387,601.96
119,136,342.01
69,543,182.23

Expenditure Category, $

User Type Lodging Food Transportation | Activites Miscellaneous | Total
Fisher 52.88 43.21 77.27 4.85 6.90 185.11
Nonfisher 8.33 58.90 67.30 4.95 22.12 161.60

To estimate the economic impacts from the
Table 5 alternatives, the IMPLAN economic impact
Grand Aggregate Net Economic Value model developed by the U.S. Forest Service
(aggregate willingness-to-pay) was used. IMPLAN is an input-output model

that uses expenditures for goods and services
Grand Aggregate Net

in one economic sector to estimate changes in
output, income, and employment for all eco-
nomic sectors affected by the new expenditure,
i.e., the multiplier effect (Probst 1988). Sum-
maries of gross output, income, and employ-
ment for the alternatives under consideration

are in Tables 6, 7, and 8 respectively.

Table 6
Total Gross Output Because of Recreational Spending, 11-County Impact Area,
1990 Dollars
Total Gross Output — Economic Impact, mlillon $

Minimum

Management Management Management Management Management
User Type Alternative Alternative A Alternative B Alternative C Alternative D
Fisher 279.45 313.96 242.94 165.94 80.98
Nonfisher 163.39 273.97 337.12 356.74 334.26
Total 442.84 587.93 580.06 522.68 415.24
Table 7
Total Income QOutput Because of Recreational Spending, 11-County Impact Area,
1990 Dollars

Total Income — Economlc Impact, mililon $

Minimum

Management Management Management Management Management
User Type Alternative Alternative A Alternative B Alternative C Alternative D
Fisher 152.46 171.30 132.55 90.54 44.18
Nonfisher 89.57 150.19 184.81 195.57 183.24
Total 242.03 321.49 317.36 286.11 227.42
Table 8
Total Employment Because of Recreational Spending, 11-County Impact Area

Total Employment — Total Number of Jobs

Minimum

Management Management Management Management Management
User Type Alternative Alternative A Alternative B Alternative C Alternative D
Fisher 6,750.25 7,584.01 5,868.39 4,008.46 1,956.16
Nonfisher 4,120.54 6,909.49 8.502.00 8,996.82 8,429.96
Total 10,870.79 14,493.50 14,370.39 13,005.28 10,386.12
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Increases in output, income, and employ-
ment are highest for Alternative A, followed
closely by Alternative B. These data indicate
the economic impacts resulting from choice of
either Alternative A or Alternative B would
be almost the same. There is a 1-percent
difference between the economic impacts of
Alternative A and B, a 10-percent difference
between Alternatives B and C, and a 24-percent
difference between the Minimum Alternative
and Alternative A. The plant conditions repre-
sented by Alternatives A and B should be
considered before accepting them or recom-
mending one of them as the chosen alternative.
Alternative A is the 1988 conditions, the his-
toric high for aquatic plant infestation. While
fishers did indicate high use and valuation
under Alternative A, it may be that Alterna-
tive A’s plant conditions may not actually be
acceptable overall; these conditions prompted
Congressional action. Comparing economic
impacts, Alternative B, the 1989 conditions
provide virtually the same economic impacts
with improved plant conditions.

User Group Evaluation

An important objective of the recreation
study is to obtain perceptual information on
aquatic plants and aquatic plant management
programs. It sometimes seems that the only
thing known about public perceptions is ex-
pressed by vocal groups pursuing their seem-
ingly single-minded goals. The implementation
of the recreation-use surveys allowed for the
collection of probably the largest sample of
data that elicited public perceptions on
aquatic plants and aquatic plant management.

A series of questions were asked about
respondents’ perceptions of plant conditions

at Lake Guntersville. The data were collected
during 1990-1991, when the plant populations
were at the lowest point, about 8,000 acres or
10 percent of the reservoir; the responses may
be reflective of these more ideal conditions.
While a number of preference/perception
questions were asked, the two most important
are as follows:

* How do aquatic plants affect recreation
users, and do aquatic plants affect different
recreation activities differently?

* Compared to existing conditions, do rec-
reation users want more or less aquatic
plants, and are there differences between
different user groups?

Impacts of aquatic plants

Respondents to the surveys were asked to
describe the impact of aquatic plants on their
recreation, summarized in Table 9. Few respon
dents said the plants were bothersome, and the
large majority said the plants were not harmful
or a help. The differences in user groups
should be noted. For the bank fishers, about
half said the plants did not affect their recre-
ation, with a fifth responding “Helps” and a
quarter finding them bothersome at least part of
the time. There is a difference in perceptions
between bank fishers and boat fishers, with al-
most half of the latter saying the plants are ben-
eficial (Helps), 36 percent saying no effect, and
only 17 percent of the boat fishers finding the
plants bothersome. The boating group is com-
posed of pleasure boaters, sightseers, and water-
skiers that boat but did not identify their primary
activity as fishing. Almost three quarters of this
group said there was no effect on boating, with
just over a fifth responding as bothersome.

Table 9
Impact of Aquatic Plants on Recreation Activities
Does Not Affect Bothersome Bothersome Most
Main Activity' Helps, % Activity,% Sometimes, % of the Time, %
Bank fishing 20.1 54.2 156.3 10.4
Boat fishing 471 36.0 9.9 71
Boating 4.1 74.4 11.9 9.6
Shore-based recreation 7.2 86.4 4.0 2.4
Al Visitors | 26.9 58.1 8.7 6.2
! Chi-square = 451.1; p < 0.0001.
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Preferences for amounts
of aquatic plants

Preferences for the amount of plants peo-
ple would like to see were asked as in terms
of more, the same, or less than presently ex-
ists at the 8,000 acres of 1991 (Table 10).
The importance of examining the user groups
rather than just the combined results can be
shown by looking at the All Visitors category.
There are generally equal percentages across
the responses of As Much as Possible, More,
Same, and Less Than Presently Exists. There
are differences in preferences between groups
that are hidden by combining all responses.

For the bank fishers, 35 percent are satis-
fied with 1990 conditions, an equal number
prefer a lessor amount of plants or none at all,
with 28 percent preferring more than 1991
conditions. The boat fishers show higher
preferences for more plants compared with
the bank fishers or any of the other groups. A
third of the boat fishers want more than pres-
ently exists, and another 29 percent desire as
much as possible. A fifth of the boat fishers
are satisfied with the existing conditions, com-
pared with 35 percent of the bank fishers.

The Boating group shows the strongest prefer-
ence for less plant coverage. Although 29 per-
cent were satisfied with present conditions,

69 percent wanted less than presently exists

of none at all. Only 1.4 percent of the plea-
sure boaters and water-skiers wanted more
plants than existed with 1990 conditions. Of
the day users, the Shore-based recreation
group, about half want fewer plants than ex-

isted in 1990 (less or none at all). About a
fifth wanted the same as presently exists or as
much as possible. Again, the differences be-
tween groups point out the importance of not
relying entirely on the combined responses,
which can, as in this case, hide real differ-
ences between groups.

How to Use the Recreation
Valuation Information

Data on the value and economic impact of
different plant control alternatives can be
used to make decisions on the level of control
to incorporate in yearly work plans. Differ-
ences between recreation user groups can be
evaluated in terms of proportion of each
group’s use and differences in valuation of
plant control. Economic impacts associated
with each alternative can be compared with
economic benefits produced by other project
purposes that are affected by aquatic plant
control (Figure 1). For lakes like Lake
Guntersville where there is such a high pres-
ence of bass and other sportfishing, the im-
pact on and value of recreation can appear to
be the only or most important consideration.
For decision making, recreation must be con-
sidered and its benefits traded off with other
economic values that are produced by opera-
tion of reservoirs and waterways. In some
cases, maximizing recreation benefits may
mean interfering with other authorized project
purposes. This demonstrates the import of
determining value of recreation differences
between recreation user groups.

Table 10

Amount of Aquatic Plant Coverage They Would Llke to See

More Than Same as j Less Than
As Much as Presently Presently Presently
Maln Activity' Possible, % Exists,% Exists, % Exists, % None at All, %
Bank fishing 1.1 17.8 35.8 24.7 1.1
Boat fishing 28.9 33.1 20.3 13.6 4.1
Boating 0.0 14 29.6 42.3 26.8
Shore-based recreation 209 9.1 22.7 36.4 10.9
All Visitors 23.9 26.0 22.8 19.8 7.5

question.

! Chi-square = 174.6; p < 0.0001.

Note : Only those visitors who said aquatic plants have some effect on their recreational activity responded to this
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Figure 1. Economic values affected or impacted
by aquatic plants and aquatic plant control

Summary

The Lake Guntersville recreation study is
the largest effort to collect data on the public
perception and valuation of aquatic plant con-
trol for recreation. The data on valuation of
each alternative plant control plan, economic
impact, and public perception can be incorpo-
rated in planning for future plant control pro-
grams at Lake Guntersville and throughout
the Tennessee Valley. Though it may be inap-
propriate to apply the economic benefit and
impact values at lakes other than Lake
Guntersville, these data are the first data for
large multipurpose reservoirs. The magnitude
of the economic benefits and economic im-
pacts associated with plant control for recre-
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ation provides a measure of the value of
aquatic plant control.
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Grass Carp Collection, Aging, and Growth
in Large Water Bodies—A Status Report

James P. Kirk," James V. Morrow, Jr.," and K. Jack Killgore1

Introduction

In recent years, triploid and diploid grass
carp (Ctenopharyngodon idella) have been
stocked in reservoirs and lakes to control nui-
sance aquatic vegetation such as hydrilla
(Hydrilla verticillata). Triploid grass carp
have value as a biocontrol agent because they
are sterile, can provide cheaper and longer
control than herbicides, and do not present an
application hazard (Allen and Wattendorf
1987). Potential disadvantages of triploid grass
carp are as follows: (a) the fish have dietary
preferences and may not control target vegeta-
tion (Leslie et al. 1987), (b) they may emigrate
out of areas targeted for vegetation control
(Stanley, Miley, and Sutton 1978), and
(c) stocking rates need further refinement to
meet management objectives (Kirk 1992).
Scientists at the U.S. Army Engineer Water-
ways Experiment Station developed a grass
carp stocking model (Boyd and Stewart 1992),
but need objective data to refine the model for
different regions and types of vegetation.

This report summarizes efforts during
1993 to obtain basic biological information
needed to refine the stocking model. Little
useful scientific literature existed concerning
collection or aging of grass carp. Our tasks
were, in order, to develop cost-efficient collec-
tion techniques, adequately sample systems,
develop length-to-weight relationships neces-
sary for use in backcalculation, and develop
methods to age the fish. As these techniques
are developed and information is gathered, es-
timates of growth, mortality, and standing
stocks of grass carp in large water bodies will

be made available to refine the stocking
model.

Methods

Grass carp were collected from two major
reservoir systems, Lake Guntersville, AL, and
the Santee Cooper reservoirs (Lakes Marion
and Moultrie) in South Carolina. Lake
Guntersville is a 68,000-acre reservoir in
northern Alabama managed by the Tennessee
Valley Authority. A total of 118,400 diploid
and triploid grass carp were stocked between
1988 and 1990 to control hydrilla.? The San-
tee Cooper lakes total approximately 160,000
acres and have a major hydrilla infestation.
Lake Marion was stocked with 100,000 trip-
loid grass carp per year from 1989 through
1992 to control hydrilla. An additional
50,000 triploid grass carp were stocked into
Lake Moultrie during 1993 to control spread-
ing colonies of hydrilla.

Grass carp collection techniques, length-
to-weight relationships, and preliminary esti-
mates of growth and age were evaluated in
1992 (Kirk et al. 1993). Techniques to age
grass carp by examining scales were discussed
in the same article. Scales have been used for
aging fish since 1898 (Dahl 1910); however,
scales sometimes exhibit false annuli (annual
age marks) or have missing annuli. For this
reason, we used both scales and otoliths (ear
bones) to age fish (Jearld 1983). Preliminary
studies were performed during 1993 to find
other aging structures and to validate aging
structures.

1 U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS.
2 Ppersonal Communication, 1991, David Webb, Tennessee Valley Authority, Muscle Shoals, AL.
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Results

Our initial efforts using classical fisheries
techniques such as electrofishing, netting, or
rotenone were unsuccessful in collecting suffi-
cient numbers of grass carp (Kirk et al. 1993).
Skilled bowfishermen proved an effective,
cost-efficient method to collect grass carp. A
total of 125 triploid grass carp were collected
during May through August 1993 in Lakes
Moultrie and Marion. While these fish have
not yet been aged, the size of some fish sug-
gests that Age I were collected for the first
time. Substantially less effort was expended
on Lake Guntersville where tournament
bowfishermen were not recruited in time to
make a concerted collection effort. However,
43 grass carp were shot during a bowfishing
tournament in April 1993 and provided initial
estimates of age and growth.

The length-to-weight relationship for grass
carp from Santee Cooper collected during
1993 has not yet been determined. The length
weight relationship for fish collected on Lake
Guntersville follows:

Weight = 0.0000045 x Length®1®3

After calculating the length-to-weight rela-
tionship, it was possible to backcalculate
lengths and weights for grass carp from Lake
Guntersville using scales and otoliths from
the 43 fish. The following age-specific sizes
were calculated for grass carp of unknown
ploidy collected in Lake Guntersville: Age I
was 311 mm and 339 g, Age Il was 596 mm
and 2,699 g, Age III was 746 mm and 5,491 g,
Age IV was 845 mm and 8,144 g, and Age V
was 899 mm and 9,907 g for total length and
weight, respectively. Table | compares age-
specific sizes for the Santee Cooper reser-
voirs and Lake Guntersville for grass carp
collected during 1992 and 1993, respectively.
Grass carp in the Santee Cooper reservoir ap-
pear to be growing much more rapidly.

Sagittal otoliths of cyprinids often show no
clear marks and are not suitable for age deter-
mination. When aging cyprinids, the lapillus
(utricular otoliths) should be used (Victor and
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Table 1

Age-Specific Lengths and Weights of
Grass Carp from Lake Guntersville,
Alabama, and the Santee Cooper
Reservoirs, South Carolina

Lake Guntersville Santee Cooper
Length Welght Length Welight

mm g mm g
Age | 311 339 361 547
Age Il 596 2,699 698 4,894
Age Iil 746 5,491 821 8,294
Age IV 845 8,144 3908 11,506
Age V 899 9,907 n/a n/a

Brothers 1982). The lapillus appears to lay
down annuli and should be a suitable aging
structure to compare with scales. Figures 1
and 2 show all three otoliths and a sectioned
lapillus, respectively. Almost complete

Figure 1. View of grass carp otoliths (left most
is the lapillus; right top is the asteriscus; and
right bottom is the sagittus)

Figure 2. Sectioned utricular otolith
(the lapillus), showing annuli
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agreement existed in ages determined from
sectioned otoliths and scales from fish col-
lected from Lake Guntersville. Additionally,
sectioned pectoral fins also appear to have po-
tential as an aging structure.

Discussion

Skilled bowfishing is an effective method of
collecting grass carp in large water bodies.
We intend to expand our collection efforts
and increase sample sizes in both systems in
1994. Instead of relying on grass carp col-
lected at bowfishing tournaments, we will
attempt to contract with individual bowfisher-
men and collect between 100 and 200 fish
during 1994.

Initial estimates of growth strongly suggest
that grass carp in the Santee Cooper reservoirs
are growing at a much faster rate than in Lake
Guntersville. This may be related to the avail-
ability of preferred foods. Some fish collected
from Lake Guntersville in early April 1993
appeared to be eating filamentous algae and
other less preferred foods (Sutton and Vandiver
1986; Leslie et al. 1987). Hydrilla, a preferred
food of grass carp is almost entirely gone from
Lake Guntersville, while extensive stands of
Eurasian watermilfoil (Myriophyllum spicatum)
are not being utilized by grass carp. Hydrilla
in the Santee Cooper system is being con-
trolled in upper Lake Marion, but is rapidly
expanding into other parts of the system, espe-
cially Lake Moultrie. Thus, a preferred food
is not limiting in this system.

Scales and utricular otoliths need to be
validated as aging structures for grass carp.
Preliminary results suggest these structures
are suitable for aging grass carp, and research
is ongoing to validate these aging structures.
There was high agreement between sectioned
utricular otoliths and scales; the backcalculated
length of Age I fish was very close to the length
of known Age I fish stocked into the Santee
Cooper reservoirs and Lake Guntersville.

Future efforts will focus in several direc-
tions. Scales and otoliths need to be validated,
Fish collected from the Santee Cooper system
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in 1993 and fish to be collected from both
systems in 1994 need to be aged to generate
growth and morality estimates. This informa-
tion can be incorporated into a Ricker Table
(Ricker 1975) to provide estimates of numbers,
biomass of grass carp by age class, and total
grass carp biomass. The primary relationship
used to derive these estimates follows:

-z
N, =Nje*

This relationship states the number at time (t)
is equal to the initial number (0) raised to the
instantaneous rate of total mortality (z) times
the number of years (t) (Ricker 1975).

Triploid grass carp have potential to con-
trol aquatic vegetation in large water bodies.
However, their use must not result in over-
stocking or understocking. Basic biological
data are needed to refine parameters used in
the stocking model and achieve appropriate
stocking densities. In that regard, our future
estimates of mortality, growth, and biomass
should improve the stocking strategies and
better allow managers to predict reductions in
aquatic vegetation.
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A Habitat-Based Approach
for Studying Fish-Plant Interactions

Eric D. Dibble' and K. Jack Killgore1

Introduction

Aquatic plants form distinct habitats within
a water body that can be identified through re-
mote sensing or direct observation. This attri-
bute provides a practical means of evaluating
the importance of structurally complex habitats
to species composition and size of fish. Map-
ping the distribution of aquatic plants is a com-
monly used management technique. Aquatic
plant maps are used to prioritize plant control
locations, evaluate efficacy of the control pro-
gram, and predict colonization of new sites
within a water body. These maps also indicate
repeatable, homogenous landscape units that
when properly recognized, can be rated as
poor to excellent fish habitat.

Habitat assessment of aquatic plants is im-
portant because plant abundance, distribution,
and configuration are altered as a result of
plant control operations. Thus, identification
and value of these plants are important in pre-
serving optimal fish habitat. A variety of ap-
proaches have been used to estimate and
characterize standing crops of submersed
plants (Killgore, Dibble, and Hoover 1993);
however, little has been done to quantify
aquatic plants at an appropriate scale. The
value of fish habitat has been assessed largely
by aquatic plant abundance at a macrolevel
(i.e., lakes, streams, and reservoirs) because
there is little information on specific charac-
teristics of plants that optimize fish habitat.
For example, plant biomass and density have
been positively correlated with fish abundance
(Durocher, Provine, and Kraai 1984; Maceina
and Shireman 1985; Maceina et al. 1991); yet
the mechanisms that directly affect fishes in
these habitats are missed by measurements

that are indirect and merely allude to factors
in aquatic plants that affect fish growth and
survival.

A combination of appropriately scaled
plant measurements and direct observations
of fish behavior in these plant habitats is es-
sential before the mechanisms that govern
growth and survival in fish are more thoroughly
understood. Reasons why fishes use and bene-
fit from particular plant habitats can be deter-
mined if (a) appropriate plant morphology
(i.e., spatial complexity, shading properties,
and architecture) is defined, and (b) the effects
of these morphological characteristics on be-
havioral responses (i.e., foraging efficiency
and predator avoidance) that impact growth
and survival in fishes are quantified.

Here, we present a hierarchal approach to
classify plant habitats: regional, system, and
local (Figure 1). Regional and system criteria
are evaluated on a macrolevel, while local
classification criteria are on a microlevel or
proximate level. Parameters for these criteria
and their use in calculating habitat indices to
bridge microlevel and macrolevel assessments
are discussed.

Macrolevel Classification

Regional criteria

Regional classification criteria include lati-
tudinal effects on growing season, geographic
extent of plant distribution, and fish zoogeog-
raphy (Table 1). Regional patterns of plant
growth are at least partially a result of temper-
ature extremes. Northern latitudes have
shorter growing seasons where plants usually

1 U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS.
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Figure 1. lllustration of a hierarchal approach in the classification of plant habitats
at a regional, systems, and local level

Table 1

Three Levels for Investigating Relationships Between Fish and Aquatic Plants
and Crliterla Used to Differentiate Scale

Scope of Measurement

Patch type: floating, submersed, emergent

Crlteria Plants | Fishes

Reglonal Level
Latitude Species extension Community
Drainage Climatic factors Species distribution

Seasonal periods

Systems Level
Lakes Patch abundance and configuration Population dynamics
Streams Species composition Assemblage
Reservoirs

Recruitment
Nest sites/spawning

Local Level

Patch dynamics
Fish and plant interactions
Predator risk

Spatial complexity
Invertebrate abundance and distribution
Shading effects

Behavioral response: foraging and
predator avoidance
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senesce during the fall. Growing season ex-
tends year round in southern latitudes, and
senescence is minimal. The delineation be-
tween north-south boundaries is not discrete,
but forms a continuous variation in latitudinal
zonation of aquatic plant communities across
the United States (Muenscher 1967)(Figure 2).
Although the importance of plant senescence
to fish composition is poorly understood, tem-
poral changes in plant abundance can influence
abundance and growth of phytophilic fishes
such as largemouth bass (Bettoli, Noble, and
Betsill 1992; Hinkle 1986; Smith and Crump-
tion 1977).

Aquatic plants are distributed across the
United States. However, the extent of aquatic
plant distribution in the arid Southwest and
Rocky Mountain regions of the United States
is restricted relative to other regions. Fish
zoogeography also follows similar patterns.
Regions with high species density occur in the
southeastern United States, while the fauna is
generally depauperate in areas west of the

98th meridian of longitude (McAllister et al.
1986). The assumption is that vegetated habi-
tats in areas of high species density have a
higher incidence of phytophilic fishes that
compete for food and space. In these areas,
aquatic plants are an important component of
the ecosystem and can be managed to im-
prove fish habitat.

Overlaying plant distribution with species
density suggests three broad regions in the
United States that have either different plant
growth patterns, different fish species assem-
blages, or a combination of both: Southeastern,
Northeastern, and Pacific Northwest (Figure 2).
Synoptic studies on fish-plant interactions in
each of these regions would ensure a broad
geographic scope.

System criteria
A system classification considers within-

water body characteristics of the plant bed.
Plant communities are often a mixture of

N

density and diversity

Region with highest fish species

Latitudinal
zonation

of plant
communities

Figure 2. Geograpical delineation of regional zones for synoptic studies on fish-plant interactions
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emergent, floating, and submersed species.
The density and aerial coverage of these plants
are conventionally used to characterize plant
beds. However, the morphology and hydrology
of the aquatic system can influence plant
growth patterns resulting in distinct vegetated
habitats or patches. For example, shallow
water bodies can be totally covered by aquatic
plants, while water bodies with deep pelagic
zones have plants growing only in the
shallower littoral areas.

A map of aquatic plant distribution supple-
mented by ground truth data can reveal differ-
ent types of habitats. Several examples are
(a) unvegetated zone between the shoreline
and plant bed, (b) large expanse of mono-
specific plants forming a canopy on the water
surface, and (c) clumped or patchy distribution
of plants.

In addition, dispersion of individual
patches can be easily delineated. Dispersion
characterizes the spacing of patches with re-
spect to one another. The general spacing pat-
terns formed are clumped, uniform, and
random. A coefficient of dispersion (i.e.,
ratio of the variance to the mean) can be used
to determine if the dispgrsion is clumped
(greater than 1.0) or uniform (less than 1.0)
(Pielou 1977). A truly random (Poisson) dis-
tribution has a coefficient of dispersion of 1
(Brown and Downhower 1988). Once patches
are recognized as discrete landscape units,
they can be described according to physical,
chemical, and biotic variables.

Microlevel Habitat Assessment

Microlevel assessments of plant habitats
are currently being conducted in experiment
ponds at the U.S. Army Corps of Engineers
Louisville Aquatic Ecosystem Research Facil-
ity, Lewisville, TX (LAERF). Habitat assess-
ment includes direct underwater observations
of foraging and predator avoidance behaviors
by fishes and measurements of the shading
properties, spatial complexity, and invertebrate
abundance in aquatic plants. Based on these
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criteria, each plant species is ranked by a value
index similar to suitability indices developed
for other systems (Williamson and Nelson
1985; Stuber, Gebhart, and Maughan 1982)
that can be linked to and incorporated as an
integral part of a larger scaled assessment.

Habitat criteria at the microlevel

Structural characteristics unique to aquatic
plants create spatial complexity in aquatic
habitats which are important to growth and
survival of freshwater fishes (Engel 1985;
Crowder and Cooper 1982). Spatial complex-
ity in these habitats deters predation by alter-
ing the outcome of predator-prey interactions
(Savino and Stein 1982; Johnson, Beaumier,
and Lynch 1988) and serves as critical refuge
sites for smaller fishes (Werner et al. 1977,
Mittelbach 1981). Availability of spatial com-
plexity in aquatic habitats is important for suc-
cessful spawning by adult fishes (Mesing and
Wicker 1986), and it increases survival and
recruitment of juvenile fishes (Aggus and El-
liott 1975; Miranda, Shelton, and Bryce 1984).
Growth rates of young fishes increase in these
habitats (Mittelbach 1981) because plant
leaves and stems offer a habitat rich in food
resources for fish by providing attachment
substrate and protection for many micro-
invertebrates (Pardue 1973; Gilinsky 1984;
Keast 1984).

In addition to these structural benefits pro-
vided by aquatic plants for fishes, the shade
that is created by plant structure also attract
and may benefit fish in these habitats (John-
son 1993; Helfman 1981). It is hypothesized
that shaded areas available to fishes are im-
portant for visual acuity to improve both vigi-
lance and foraging behaviors (Diehl 1988;
Lynch and Johnson 1989). Thus, availability
of aquatic plant species that provide appropri-
ate shade may increase both foraging effi-
ciency and predator avoidance by offering
microhabitat that improves detection of food
items and predators, which ultimately increases
growth and survival.
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Measurements to determine
spatial complexity

Measurements of habitat spatial complex-
ity used here are similar to those described by
Dibble (1993) and Lillie and Budd (1992) and
reflect both horizontal and vertical interstice
size and abundance present in the aquatic
plant. Plant complexity is determined by the
sum of horizontal and vertical interstices ra-
tios (I,,). The greater this value, the higher
the patch spatial complexity. Ratios () repre-
sented the number of interstices intercepted
per meter (r,) and the mean size (¢cm) of each
interstice (x,), and was calculated as:

L=r+x
Spatial complexity = (I, )

A line intercept method for determining
the abundance of interstices in plants is used
to determine the size and abundance of plant
interstices (gaps among stems and leaves)
along a horizontal and vertical axis (Bonham
1989). Horizontal and vertical measurements
of each plant are collected at low, mid, and
top strata of the macrophyte. Replications of
aquatic plants species are used to accurately
validate difference in individual plant mor-

phology.

Measurements to determining
shading effect

In addition to these measurements, light
transparency is measured in different plant
habitats to determine differences in shading
effects. Light data are treated as relative mea-
surements among plant types and represent
percentage of light transmitted from the sur-
face. Combined with complexity data, light
data are used to determine differences in plant
architecture. We do not make the assumption
that light transparency is dependent on spatial
complexity as defined herein. Light transpar-
ency may decrease in patches with low spatial
complexity where a habitat contains a plant
with a canopy. For example, a plant habitat
that exhibits a low value of vertical complex-
ity (I) and low vertical light transparency
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(L,) describes an architecture containing few
numbers of horizontal stems or leaves, thus
large vertical interstices, and a canopy form-
ing a light block (Figure 3). Plant habitat
containing high vertical and horizontal com-
plexity and low light transparency suggest a
complex habitat with many small interstices
and many leaves or stems that block light
from the substrate to the surface of the patch
(Figure 3).

Measurements of behavior

The effects of aquatic plant morphology on
fish behavior are not well understood. This is
largely due to the lack of data classifying plant
characteristics and inappropriate fish behav-
ioral data to adequately assess plant criteria
important to fishes. Many of the recent at-
tempts to demonstrate the relationship be-
tween fish and plant habitat have come from
data collected from large-scale lake studies
measuring effects of plant removal on fishes
(Bettoli, Morris, and Nobel 1991; Maceina et
al. 1991; Colle, Cailteux, and Shireman 1989).

Assuming that aquatic plant characteristics
facilitate specific behaviors, i.e., foraging,
predator avoidance, and choosing spawning
sites that impact growth and survival in fishes,
it is important to quantify these responses to
determine how aquatic plants impact fishes.
Not only are unique differences in plant mor-
phology important to fish, but they may be im-
portant for different reasons. For example,
shading effects of aquatic plants may be more
important for one fish avoiding predators than
the overall spatial complexity the plant offers,
whereas the foraging efficiency of another
fish species may improve when plant spatial
complexity increases and light transparency
decreases.

In the experiments conducted at LAERF,
behavioral responses by fishes are directly ob-
served and recorded as video data to determine
plant morphology effects on fishes. Video-
graphy is a successful method for collecting
accurate fish behavioral data in the field
(Collins and Hinch 1993). Video cameras
contained in waterproof housing are placed
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Figure 3. Example of the within-patch measurements taken to determine differences in aquatic plant
complexity and light transparency (In = number of interstices transacted on a horizontal axis, lv = num-

ber of interstices transacted on a vertical axis, Lt

underwater adjacent to aquatic plant habitats
cultured in enclosures in experimental ponds
(Figure 4). These plant cultures and pond en-
closures enable plant and fish species manipu-
lations to more accurately test plant effects on
fishes. Unbiased and appropriate scaled be-
havioral data are collected in the field and
returned to the laboratory where they are ana-
lyzed as focal animal or scan samples (Alt-
mann 1974; Poysa 1991). Behavioral data are
organized in ethograms and grouped as specific
behavioral categories (i.e., predator avoidance
and foraging)(Martin and Bateson 1986). Cor-
relation between time budgets and frequencies
of these behavioral groupings and aquatic
plant criteria are used to evaluate effects that
aquatic plants have on foraging efficiency and
predator risks.
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= percent of light transmitted from the surface)

Relation of Habitat Classification
to Plant-Fish Research

A habitat classification provides descrip-
tive information on physicochemical attri-
butes that can be related to composition of
fish assemblages. If assemblage structure can
be predicted simply by recognizing distinct
landscape units, then structural complexity of
plant beds can be managed to improve or
create fish habitat. However, high variation
in species composition among habitats often
confounds development of predictive relation-
ships. This variation can be explained from
behavior studies and related back to predeter-
mined habitats. Adjustments can be made as
necessary.
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Figure 4. Experimental design for collecting behavioral data within simulated aquatic plant patches

A habitat-based approach is an essential el-
ement in evaluating the value of aquatic plants as
fish habitat. Quantification of aquatic plant
characteristics and behavioral responses by
fish at a microlevel furthers the understanding
of how aquatic plants enhance fish habitat.
More importantly, this information supplies
criteria to classify plant characteristics import-
ant to fishes. These criteria then can be used
to rate plants and develop individual plant
indices that can link information collected
at the microlevel to larger scaled and more
applicable macrolevel assessments.

Future research, however, is required before
the benefits and value of these habitats are
fully identified and before value indices can
be applied. More experiments are planned to
further test the importance of plant character-
istics and their value to fishes.
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Guntersville Bass and Grass: Life After 381

William B. Wrenn,1 D.R. Lowery,1 and M. J. Maceina®

In many areas, there continues to be an on-
going conflict between aquatic plant control
or management and largemouth bass anglers.
Usually the underlying issue from the anglers’
standpoint is that a relatively high level (e.g.,
>30 percent) of areal plant coverage is best
for bass fishing and the bass. Although it
seems that this perception cannot be refuted
in some cases, the limited data on this subject
has been derived from various types of water
bodies, frequently resulting in an “apples ver-
sus oranges” comparison. In arecent survey
of 60 Florida lakes, Canfield and Hoyer (1992)
found no relation between the standing crop of
harvestable largemouth bass and the percent
area covered with aquatic macrophytes. How-
ever, they suggested that, considering the
total fish population, a moderate macrophyte
coverage of 15 percent seems to preclude the
probability of any adverse fisheries problems.

This is an interim report from the fisheries
assessment part of the Joint Agency Gunters-
ville Project (JAGP), which began in 1990.
The primary objective is to provide an over-
view of the size-structure of the largemouth
bass population in Guntersville Reservoir (Al-
abama) for the period 1983 to 1993, along
with some of the creel survey results. While
the overall objective of the JAGP fisheries
component is to assess changes in the resident
fish community relative to the various aquatic
plant control methods tested for this large-
scale demonstration, emphasis was directed to
the sport fishery and the well-publicized large-
mouth bass fishery in particular. During the
first 4 years of this study, there was no restric-
tion on the size of bass that could be harvested.
Near the close of the fourth year of the creel
survey (October 1993), a 15-in. or 381-mm
minimum length limit was installed. There-

fore, this overview actually examines the past,
present, and future relative to the 381-mm size
restriction and aquatic plant coverage.

Methods

Size-structure of the largemouth bass popu-
lation was examined by use of relative stock
density (RSD), a length-categorization system
of the proportions of the sizes of bass in a
given population that can be ranked according
to a management objective (Gabelhouse
1984). The management objective most appli-
cable to Guntersville is moderate density of
largemouth bass (one of several species of
equal importance in a balanced community).
The statistic P-RSD, the proportion of pre-
ferred size, 2381 mm total length (TL), corre-
sponds to the new minimum size limit for
bass on Guntersville Reservoir. Whereas,
PSD or proportional stock density applies to
bass 203 to 304 mm in length, and M-RSD ap-
plies to memorable-size bass, 2508 mm.

Largemouth bass were collected by elec-
trofishing at 10 stations in autumn during
1990-1993. Also, catch-depletion population
estimates, using electrofishing, were con-
ducted in the spring in 1992 and 1993
(Maceina, Wrenn, and Lowery, manuscript
submitted to North American Journal of Fish-
eries Management).

A roving creel survey, based on nonran-
dom probability sampling design, was con-
ducted during 1990 through 1993. (Survey
design and analysis provided by Fisheries In-
formation Management Systems, Auburn,
AL). The survey was stratified temporally
and spatially and included 24,000 ha of the

I Tennessee Valley Authority, Water Management, Muscle Shoals, AL.
2 Department of Fisheries and Allied Aquaculture, Auburn University, Auburn, AL.
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total reservoir area of 28,000 ha. The compo-
nents summarized for this report are large-
mouth bass catch rates (number/hour), fishing
pressure (hours), and bass harvest. Aquatic
plant coverage was determined from the aerial

photographic surveys conducted each October.

No comparable creel surveys or electro-
fishing sampling were conducted during 1983
to 1989, the period of highest aquatic plant
coverage; however, in conjunction with a test-
demonstration of the use of grass carp (Webb
et al. 1989), a large-scale rotenone sample
(11 ha) was collected from the Town Creek
embayment in 1983, 1986, and 1988, which
provided a large sample of bass to compute
relative stock density.

Results

Based on the creel survey results since
1990, angling success for largemouth bass on
Guntersville Reservoir declined in relation to
the decrease in areal coverage of aquatic
plants, although high catch rates and harvest
were recorded in 1990. Submersed aquatic
macrophyte coverage peaked in 1988, 29 per-
cent, and dropped to about 7 percent in 1991
(Figure 1). The dramatic decrease in aquatic

plant coverage was due primarily to changes in
environmental conditions rather than from plant
control activities. Total catch rate for bass,
which includes those caught-and-released
plus those harvested, declined from 0.66 bass/
hr in 1990 to 0.43/hr in 1992 (Tables 1-3).
Analysis of all 1993 creel data has not been
completed, but preliminary results indicate
they are similar to 1992. More than 230,000
bass were harvested in 1990, but harvest had
declined about 70 percent by 1992. This de-
cline was influenced by not only catch rate but
also by angling pressure (hours of targeted fish-
ing effort for largemouth bass). Compared
with the peak of 960,000 hr in 1990, angling
pressure for largemouth bass declined by
more than 40 percent in creel zones A and B,
and by 20 percent in zone C by 1992. Al-
though there are several possible causes for
this decline in bass angling effort, including
the decline of plants, this discussion is be-
yond the scope of this report.

Despite the obvious decline in bass fishing
success after 1990, results of concurrent sam-
pling of the bass population did not show any
significant changes in the numbers of bass in
Guntersville Reservoir. However, at the end
of 1991, it became readily apparent that stan-
dard (1.3-ha coves) rotenone surveys were

10,000

* (29%)
8,000 | s

6,000

HECTARES

4,000

2,000

1988 1989

1990
* Percent coverage for the entire reservoir

1991 1992

1993

Figure 1. Percent areal coverage of aquatic plants in Guntersville Reservoir,
28,000-ha main stem impoundment, Tennessee River
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Table 1
Guntersville Reservoir Largemouth Bass Harvest — 1990
Creel Areas
A B C Total
Harvested/hour 0.17 0.19 0.19 0.18
Caught and released/hour 0.47 0.49 0.46 0.48
Number harvested 86,105 94,272 51,175 231,652
Plant coverage, % 4 9 30 12
Table 2
Guntersville Reservoir Largemouth Bass Harvest — 1991
Creel Aroas
A B C Total
Harvested/hour 0.13 0.15 0.14 0.14
Caught and released/hour 0.42 0.47 0.39 0.43
Number harvested 61,366 61,826 43,909 167,341
Plant coverage, % 0.2 6 24 7
Table 3
Guntersville Reservolr Largemouth Bass Harvest — 1992
Creel Areas
A B Cc Total
Harvested/hour 0.05 0.06 0.07 0.06
Caught and released/hour 0.37 0.35 0.39 0.37
Number harvested 22,089 21,925 22,560 66,584
Plant coverage, % 0.2 8 25 8

providing a conservative estimate of the
number of harvest-size bass (>250 mm TL) or
that the harvest of bass was exceedingly high,
>60 percent of the population. Subsequent
spring electrofishing, using the stock-depletion
method to determine standing stocks in coves,
indicated that it was the former. Standing stock
estimates of harvest-size bass were 19 kg/ha
and 33 kg/ha in 1992 and 1993, respectively—
comparable with the standing stock estimates
derived from the large rotenone samples in
1983 (36 kg/ha), in 1986 (31 kg/ha), and in
1988 (35 kg/ha).

Comparison of the RSD index values for
the bass population since 1990 with those of
the 1980s indicates that the size-structure of
the bass population is currently within the es-
tablished or acceptable limits, whereas, the
size-structure in the 1980s was not (Table 4).
For example, the size-structure of the bass
population in 1983-1988 reflected an imbal-
ance toward stock-size fish (<304 mm TL)

Proceedings, 28th Annual Meeting, APCRP

and too few in the P-RSD category (Figures 2-
4). Without belaboring the issue regarding
whether or not the three large rotenone samples
during the 1980s provided a representative
sample of bass for the entire reservoir, the im-
portant point is that the current size-structure
is judged to be in excellent condition relative
to the imposition of a 381-mm size limit. Also,
it should be recognized that the number of
bass available for harvest without a size-limit
regulation will always be higher than that
available for harvest with a 381-mm length
limit regardless of the condition of the size-
structure (Figure 5).

Although these results do not facilitate a
direct prediction of optimum plant coverage
for largemouth bass, even for Guntersville
Reservoir, they do provide a procedure to
closely monitor two of the variables that have
been documented to negatively affect growth
of largemouth bass: excessive plant cover
and density of bass. In the past, these two
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Table 4

Largemouth Bass Relative Stock Denslty, Guntersville Reservoir

(P-RSD > 381 mm), 1983-1993

Method PSD P-RSD M-RSD
1983 LR 40 8 1
1986 LR 30 7 0
1988 LR 16 7 1
1990 AEF 48 21 7
1991 AEF 43 18 4
1992 SEF 33 21 8

AEF 53 25 8
1993 SEF 63 26 7
ACC. Range 40-70 10-40 0-10

Note: LR = large rotenone samples; AER = autumn electrofishing; and SEF = spring electrofishing.
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Figure 3. Length frequency and size-structure of largemouth bass in Guntersville Reservoir,
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in an 11-ha rotenone sample, 1986
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Figure 5. Length frequency and size-structure of largemouth bass in Guntersville Reservoir,
electrofishing catch-depletion samples, 1993

variables appear to have operated in concert

to affect bass growth in Guntersville. As re-
cently as 1990, age-growth analyses by the Al-
abama Game and Fish Department indicated
slower than normal growth for bass less than

4 years old in this reservoir.! Similar growth
effects have been reported by Bettoli et al.
(1992) and by our work in the Town Creek
embayment (Webb et al. 1989). Growth anal-

ysis of the spring 1993 electrofishing sample
showed normal to good growth for age-groups
less than 4 years. If slow growth returns as a
result of whatever cause, the immediate effect
would likely be stock-piling of sublegal size
bass, which can be monitored rapidly by use
of a size-structure index as examined in this
report.

I Personal Communication, 1993, W. C. Reeves, Alabama Game and Fish Department.
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Synopsis of the District/Division Aquatic
Plant Management Operations Breakout Session

Wayne T. J ipsen1

The seventh annual Operations Breakout
Session was held 16 November 1993 during
the Aquatic Plant Control Research Program
(APCRP) Review. Representatives from
Headquarters, 1 Division Office, 11 District
and Project Offices, and the U.S. Army Engi-
neer Waterways Experiment Station (WES)
attended. Other attendees included Federal,
state, local, university, and industry represen-
tatives. A total of 39 people participated.

Topics discussed included the status of
aquatic herbicide registration.and re-
registration; updates on eight cost-shared
District Aquatic Plant Control (APC) programs
and four Operations and Maintenance (O&M)
programs; and Division and Headquarters
updates.

Re-registration updates were provided for
copper, diquat, endothal, fluridone, and 2,4-D.
In-progress reviews were also provided on the
initial aquatic registration process for both im-
azapyr and triclopyr.

District and state personnel discussed the
ongoing grass carp programs on Lake Marion,
SC, and Lake Istokpoga, FL. Other topics of
discussion included new approaches in state
funding sources for aquatic plant control, con-
tinued spread of exotic species, and funding
availability in the O&M program for manage-
ment efforts on Corps lakes.

Reports were given on the APC Program
Review Document (PEG) and the spring meet-
ing of the Field Review Group (FRG). The
PEG, which has been utilized on a trial basis
within the South Atlantic Division, is ex-
pected to be ready for Corps-wide use in fiscal
year 1994, The FRG met in the spring of
1993 to review the overall field of simulation
technology and its applicability to the APC
Program.

Participants in the Operations Breakout
Session were provided with demonstrations
on two educational tools that are being devel-
oped within the aquatic plant management
field. WES researchers demonstrated a bio-
logical control training program developed
for the Aquatic Plant Control Operations
Support Center (APCOSC). This computer
program, as well as a slide show and course
materials, will be available from the APCOSC
in mid-1994. Staff members of the University
of Florida’s Center for Aquatic Plants pro-
vided an overview of video disk technology
and a demonstration of a video disk applica-
tion of the APCRP’s publication “Aquatic
Plant Identification and Herbicide Use Guide.”

The situation in regard to new start programs,
the status of local cooperative agreements,
and the revision of Engineer Regulation 1130-
2-412 were also discussed.

L yus. Army Engineer District, Jacksonville; Jacksonville, FL.
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Simulation Technology

An Overview of Simulation Technology in the Aquatic
Plant Control Research Program

R. Michael Slewar!1

Technology Area Objectives

The objective of this technology area is
to develop personal computer (PC)-based
simulation procedures for estimating the
growth and control of nuisance aquatic plant
species under different sets of environmental
and operational conditions. The purpose for
development of these simulation procedures is
to provide systematic evaluation procedures
that promote transfer of technology developed
under the Aquatic Plant Control Research Pro-
gram (APCRP) to agencies and private firms
who utilize this technology for aquatic plant
management.

Development of aquatic plant control
simulation procedures also accomplishes two
important intermediate functions prior to re-
lease of the software packages as technology
transfer tools. These intermediate functions
are (a) synthesis of information and (b) testing
and evaluation of information. In regards to
these intermediate functions, the simulation
development process provides an added mech-
anism for testing information/relationships
developed under the other APCRP technology
areas: Aquatic Plant Ecology Technology,
Chemical Control Technology, Biological
Control Technology, and Applications
Technology.

Because simulation procedures are being
developed for each of the major APCRP tech-
nology areas, separate work units have been
developed for Plant Growth Simulations
(Work Unit 32440), Chemical Control Simula-
tions (Work Unit 32439), and Biological Con-
trol Simulations (Work Unit 32438). The
simulation procedures are designed to allow

consideration of the effects of generalized site
conditions on growth of the target plant and
on the effectiveness of control techniques. To
facilitate development and execution of the
simulations, a separate work unit for Aquatic
Plant Database Development (Work Unit
32521) was added to the overall technology
area for designing and compiling environmen-
tal databases compatible with the simulation
procedures.

A summary of the development activities
underway in each of the four Simulation Tech-
nology work units is provided herein and in
the following four papers of this proceedings.
Beginning in fiscal year 1994 (FY94), devel-
opment activities under this technology area
will be expanded to facilitate development of
an overall Aquatic Plant Control Evaluation
System (APCES). Price, Smith, and Stewart
(1994) provide an introductory summary of the
APCES.

Overview of Tasks Areas
Plant growth simulations

Plant growth simulation models for water-
hyacinth, hydrilla, and Eurasian watermilfoil
are being developed under this work unit.
These simulation procedures provide a system-
atic, PC-based tool for estimating the rate and
level of growth these plant species will attain
under specific environmental conditions. Envi-
ronmental conditions that can be considered in
these simulations are water depth, water clarity,
temperature, irradiance, and initial plant biomass
levels. Outputs from these simulations help
aquatic plant managers determine when to
apply control techniques and also serve as

1 U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS.
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a reference or baseline for evaluating the
effectiveness of control applications by pro-
viding estimates that represent an untreated
control.

Current work (Stewart and Monteleone
1993; Stewart 1994a) is developing validation
data sets for testing the accuracy of algorithms
in first-generation simulations for hydrilla and
Eurasian watermilfoil. Main relationships
being tested concern regrowth of these plant
species under light-limiting conditions. To
support this work, a deep water plant growth
mesocosm system (Stewart 1994a) has been
developed at the Lewisville Aquatic Ecosystem
Research Facility (LAERF). Data collected
from this mesocosm system will allow testing
of relationships for growth initiation, shoot
elongation, biomass production, and photosyn-
thesis and respiration balances under controlled-
light conditions.

Biological control simulations

Simulation procedures to evaluate inter-
actions among biological control agents and
aquatic plants are being developed under this
work unit. In an interactive but modular frame-
work, these procedures generate simulation
outputs useful in determining the likely effects
of environmental conditions on growth of a
target plant infestation that is being impacted
by biocontrol agent herbivory. Modules in
these procedures include a plant growth mod-
ule, an insect population dynamics module,
and an herbivory module that provides a basis
for considering the biocontrol agent and host
plant interactions.

Development of biological control simula-
tion procedures has been limited by the lack
of development of required relationships on
the individual biological control agent species
by Biological Control Technology studies.

To date, simulation procedures have been de-
veloped for white amur (Boyd and Stewart
1992), a herbivorous fish introduced for con-
trol of submersed plant species, and for
Neochetina weevils (Stewart and Boyd 1992),
herbivorous insects that were introduced for
the control of waterhyacinth. Though numer-
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ous other insect biocontrol agents have been
introduced into the United States for control
of other exotic plant species, sufficient studies
that quantify the effects of these agents on
their host plants have not been conducted to
support simulation development. To date,
model development efforts for these other in-
sect species have been limited to generalized,
temperature-based population dynamics mod-
ules (Boyd and Stewart 1993).

Development activities (Boyd and Stewart
1994) being continued for the AMUR/STOCK
simulation procedure are based on studies
(Kirk et al. 1993; Kirk, Morrow, and Killgore
1994) on growth of triploid white amur in
large, mixed plant community reservoirs in
southeastern states. Additionally, the existing
AMUR/STOCK software package is being
converted to a WINDOWS application tool for
release during the end of FY94.

Chemical control simulations

Effective treatment of an aquatic plant in-
festation with herbicides requires maintaining
a critical concentration (dose) of the active in-
gredient in contact with the target plants for a
required exposure time. Following applica-
tion, aqueous concentrations of the active in-
gredient depend on the amount of active
ingredient applied, the formulation release
rate, and various processes that determine the
fate of the herbicide in the particular aquatic
environment. Mortality relationships for the
different combinations of target plants and
herbicide concentration/exposure time levels
are being developed by Chemical Control
Technology investigations. These relation-
ships, along with relationships representing
the major fate processes affecting herbicide
active ingredient concentrations in aqueous
environments, are incorporated in the HERBI-
CIDE simulation procedure.

Stewart (1992) describes the functionality of
the first-generation version of HERBICIDE for
chemical control techniques of submersed
plant infestations. Example applications of
HERBICIDE utilization for determining the
effects of site conditions on postapplication
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aqueous concentrations of a herbicide are
given in Stewart (1994b). Scheduled work
for FY94 includes completing the conversion
of the existing simulation procedure into a
WINDOWS application tool, with release of
the converted software package scheduled to-
ward the end of the fiscal year.

Aquatic plant databases

The purpose of this work unit is to employ
and demonstrate state-of-the-art database tech-
niques to support development and execution
of simulation procedures described herein. A
large portion of this work involves compiling
climatic data needed for initializing the soft-
ware packages for different water bodies and
geographic regions (Kress and Causey 1992;
Kress and Holt 1993). Recent studies (Bourne,
Kress, and Berry 1994) have investigated use
of Global Positioning Systems (GPS) for com-
piling data sets for initializing and evaluating
simulation procedures, as well as for other ap-
plications by aquatic plant managers. As de-
scribed by Price, Smith, and Stewart (1994),
tools and procedures developed under this
work unit will also be key components of the
APCES package.
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Investigations of Plant Growth
Under Low Light Conditions for Testing
Submersed Plant Simulation Models

R. Michael Stewart

Introduction

Background

The proper use of aquatic plant control
techniques in an overall aquatic plant manage-
ment plan should consider natural variability
in aquatic plant growth patterns. In natural
water bodies, both the rate and peak level of
growth may vary spatially and annually be-
cause of differences in water depth, tempera-
ture, light availability, hydrological conditions,
sediment characteristics, and other environmen-
tal factors. This natural variability, if not con-
sidered, often makes it difficult to determine
the posttreatment effectiveness of control
measures. Additionally, failure to adequately
consider natural plant growth variability when
selecting control techniques with long-term
effect times (e.g., grass carp stockings) may
result in attaining undesired levels of control.

Under the Simulation Technology area of
the Aquatic Plant Control Research Program,
personal computer (PC)-based simulation pro-
cedures are being developed to predict aquatic
plant growth patterns under different sets of
environmental conditions. Types of environ-
mental conditions that can be considered are
water depth, temperature, water clarity, irradi-
ance levels, and initial plant biomass. Infor-
mation obtained from the simulations will
help aquatic plant managers consider variabil-
ity in plant growth patterns and help them
make more informed aquatic plant manage-
ment decisions.

Simulation procedures developed for
Hydrilla verticillata and Myriophyllum

1

spicatum (Wooten and Stewart 1991) are cur-
rently under beta testing prior to release.
Testing has included comparison of simula-
tion outputs for plant biomass with estimates
derived from 1990 through 1992 field mea-
surements made at Guntersville Reservoir, AL.
Results of these comparison tests indicate a
need to conduct further verification studies
under more controlled conditions for relation- -
ships that determine plant growth under low
light conditions.

A preliminary investigation of hydrilla and
milfoil growth under light conditions below
10-percent full sunlight was presented by
Stewart and Monteleone (1993). Their results
demonstrated growth inhibition (i.e., both
rates and peak levels) at light levels below
5 percent surface levels. However, direct ap-

plication of their results to natural low light

conditions is limited because the studies were
conducted within shallow (0.86 m) tanks with
essentially uniform light levels (i.e., no depth-
induced light gradient). In natural waters,
submersed plants encounter a light gradient
that decreases with depth because of absorp-
tion (Kirk 1983). Obviously, growth of sub-
mersed plants such as hydrilla and milfoil
under low light is enhanced by their tendency
to elongate, a response that often positions the
upper portions of their shoots within more fa-
vorable light conditions. Survival of the
plant, however, is dependent upon eventually
achieving an overall positive photosynthesis
and respiration balance, which is determined
by the sum of these processes over the entire
shoot length.

1 U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS.

Proceedings, 28th Annual Meeting, APCRP

55

Stewart



Simulation Technology

Objectives and scope

Further testing of submersed plant growth
model relationships for low light conditions
requires consideration of growth responses
within depth-induced light gradients. The ob-
jectives of fiscal year 1993 (FY93) efforts
were to develop a mesocosm facility at the
Lewisville Aquatic Ecosystem Research Facil-
ity (LAERF) for conducting these type studies.
This included a preliminary study to evaluate
regrowth of milfoil and hydrilla under low
light conditions established in the mesocosm
tanks. The following briefly describes the
low light mesocosm system and summarizes
initial plant growth studies conducted therein
during FY93.

Methods

Mesocosm facility description

The low light mesocosm facility consists
of replicated fiberglass tanks, each 3.0 m tall
and 2.4 m in diameter, with a working vol-
ume of approximately 14,000 L. The inside
walls of the tanks are covered with a flat
black gel coating to reduce light scattering.
Additionally, the top of each tank is fitted
with standard, commercially available reflec-
tive louver and diffuser panels to equalize
light distribution, which otherwise would be
skewed because of shadowing from the tank
sides. Tank water is pumped through sand
filters from a 1,400,000-L supply pond estab-
lished for the adjacent chemical control
mesocosm system (Dick, Getsinger, and Smart
1993). Water in the supply pond is treated
with alum to reduce phosphorous and sus-
pended material. After filling, tank water is
circulated by an airlift mechanism to prevent
stratification. Smaller sand filters attached to
pairs of adjacent tanks provide routine filtra-
tion of tank water to limit algae growth during
a study.

Test conditions
Tests conducted during FY93 measured

growth of milfoil apical tips and hydrilla api-
cal tips and tubers under two light conditions.
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Both conditions were established by placing
one layer of highly reflective, hexabolic-
patterned louvers and two layers of standard
fluorescent lighting diffusers over the tank
openings. Light at the water surface was re-
duced to approximately 40 percent outside-
tank irradiance levels, with further reduction
occurring with depth in the water column be-
cause of attenuation. Differences in light
treatments were established by setting two
planting depths within the tanks. A deep water,
low light treatment was established by placing
test plant pots on the bottom (i.e., 2.5 m water
depth) of the tank. The shallow water, high
light treatment was established by placing test
plant pots on a false bottom of the tanks con-
structed at a water depth of 1.5 m. The treat-
ment light gradient encountered during growth
in the low light treatment ranged from 10 to
40 percent (i.e., depth to surface) of surface
irradiance levels. Under the high light treat-
ment, the established gradient ranged from

20 to 40 percent of surface levels.

Each treatment included three replicate
tanks. Within each tank, 20 pots for each of
the three types of regrowth structure were ran-
domly positioned at the respective treatment
depth. Plant growth was estimated using both
nondestructive and destructive sampling tech-
niques. Nondestructive techniques included
weekly measurements of shoot length and
number of branches. Destructive sampling
was conducted when shoot length for the
majority of pots of a given structure and treat-
ment reached the water surface. At this time,
pots for that structure were removed and
measurements were made of primary shoot
length, branch number, branch origination
height along primary shoot length, branch
length, aboveground mass (in 0.5-m depth in-
crements), and belowground mass. Selected
tissues were also sampled for determining
chlorophyll and carbohydrate levels.

Preparation of test plant material
Apical tips. Apical tip sections for both
hydrilla and milfoil were collected from cul-

ture ponds at the LAERF on May 19, 1993,
Tips were cut to 10-cm lengths and “rooted”
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into nutrient-enriched, sterilized sediments
within 0.86-L plastic pots. “Rooting” was
such that the top 4 cm of the tip remained
above the sediment, which was then covered
with silicon granules to limit nutrient leaching
into the water column. Pots were then placed
at their assigned positions within the tanks.

Hydprilla tubers. Hydrilla tubers were
collected from hydrilla culture ponds at the
LAERF during winter months. Tubers were
washed in a weak bleach solution, placed on
moistened paper toweling in a covered plastic
container, and placed in an environmental
chamber at 20 °C under constant light. Tubers
were weighed after sprouting, and tubers with
weights ranging from 0.30 to 0.40 g were
wrapped in moistened paper toweling and
stored until planting in a dark refrigerator.
Tubers were planted individually in pots such
that the tip of the sprouted shoot was at the
sediment surface. Silicon granules were lay-
ered over the sediment prior to pot placement
at assigned positions within the tanks.

Results

Nondestructive sampling

Plant growth measurements estimated by
nondestructive, weekly sampling included
shoot height and branch number. Under the
high light treatment, shoot height (Figure 1a)
for both hydrilla tubers and apical tips in-
creased more rapidly than for milfoil apical
tips. Shoots from both of the hydrilla growth
structures reached the surface after only
3-weeks growth, whereas shoot growth from
milfoil apical tips required 6 weeks to reach
the surface. Branch production (Figure 1b)
under high light was consistently greatest for
hydrilla tubers and lowest for milfoil apical
tips. For the low light treatment, shoot height
reached the surface by week 4 for hydrilla tu-
bers and between weeks 4 and 5 for hydrilla
apicals (Figure 2a). Shoot height for milfoil
apicals was less than 1.0 m after week 6 and
did not reach the surface until week 19. As in
the high light treatment, branch production
(Figure 2b) was greatest for hydrilla tubers
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and lowest for milfoil apicals under the low
light treatment.

Destructive sampling

Destructive sampling was conducted to de-
termine differences in shoot structure develop-
ment by the different plants under the two
light treatments. This sampling was conducted
at the time the developing shoots for a given
plant/light treatment reached the surface. As
illustrated in Figure 3a, similar amounts of
aboveground mass were produced by hydrilla
tubers and apical tips under the high and low
light treatments, even though the periods of
growth to reach the surface had been approxi-
mately 1 week longer in the low light treat-
ment. Milfoil shoots, however, generated
significantly more mass before reaching the
surface under the low light treatment than
under the high light treatment. Further, mil-
foil shoots generated significantly more mass
than hydrilla shoots under both light treat-
ments. Hydrilla tubers generated the greatest
total shoot length (Figure 3b) under both treat-
ments than either hydrilla or milfoil apicals.

These results indicate that under the condi-
tions represented by the two light and depth
treatments, hydrilla apical tips and tubers
were capable of elongating and reaching the
surface faster than milfoil apical tips. Under
treatment conditions, hydrilla exhibited a
smaller mass requirement for both vertical
growth (mass:depth) (Figure 4a) and total
shoot production (mass:length) (Figure 4b).
The rapid elongation rate by hydrilla signifi-
cantly accounts for its competitive dominance
over milfoil under lower light conditions.
Had the hydrilla shoots not been taken out of
the tanks at the time they reached the surface,
the developing shoots would have undoubt-
edly formed a canopy and produced signifi-
cantly more mass than was measured at the
time of sampling.

Recommendations
for FY94 Studies

During FY 94, the remainder of the data
analyses for this study will be completed.
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Figure 1. Weekly growth measurements of shoots from milfoil and hydrilla apical tips and from
hydrilla tubers under the high light treatment. Measurements are shoot length (a) and number
of branches (b). Bars with the same letters are statistically similar (P = 0.05)
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Figure 2. Weekly growth measurements of shoots from milfoil and hydrilla apical tips and from
hydrilla tubers under the low light treatment. Measurements are shoot length (a) and number
of branches (b). Bars with the same letters are statistically similar (P = 0.05)
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are statistically similar (P = 0.05)

Proceedings, 28th Annual Meeting, APCRP



Simulation Technology

Lighting
9 High Light
[l Low Light A A
8 -
_— 7 7
E
Q
0 6
E 6
o
E
a B
@D 4
< B
B
= 3
2
14
Hydrilla Apicals Hydrilla Tubers Milfoil Apicals
a.
45—
Lighting A
4 [ High
B Low
3.5
E 3-
g
je))
E
T 2.5
|—.
2
d 27
5
<
= 1.5
1 Cc
B D
0.5+
0 il i i
Hydrilla Apicals Hydrilla Tubers Mitfoil Apicals

b.

Figure 4. Growth measurement ratios of shoots from milfoil and hydrilla apical tips and from
hydrilla tubers after reaching the surface under the high and low light treatments. Ratios
are mass:depth (a) and mass:total shoot length (b). Bars with the same letters are
statistically similar (P = 0.05)

Proceedings, 28th Annual Meeting, APCRP Stewart 61



Simulation Technology

Resulting findings will be used to test shoot
elongation and mass production relationships
used in the HYDRILLA and MILFOIL plant
growth simulation models. Additionally, de-
velopment of the deep tank mesocosm facility
will continue, with priority given to designing
techniques for establishing more realistic
light gradients.
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Comparison of AMUR/STOCK Simulation Outputs
with Observations from Guntersville Reservoir
and Lake Marion

William A. Boyd" and R. Michael Stewart'

In an effort to achieve long-term control of
hydrilla (Hydrilla verticillata), triploid white
amur were stocked at Lake Marion, SC (Roach,
Inabinet, and Tuten 1993), and Guntersville
Reservoir, AL (Bates 1990). This report
gives a description of white amur stockings
made at the two reservoirs, provides example
simulation outputs that illustrate how AMUR/
STOCK is used to predict stocking effects,
and evaluates possible causes for differences
observed in stocked fish growth at the two
Ieservoirs.

Triploid White Amur
Stockings at Lake Marion
and Guntersville Reservoir

In 1989, Santee Cooper entered into a joint
funding agreement with the South Carolina
Aquatic Plant Management Council, the
South Carolina Water Resources Commis-
sion, and the United States Army Corps of En-
gineers (USACE) to stock white amur in
upper Lake Marion. The target plant species
was hydrilla. In the summer of 1989, the San-
tee Cooper lakes supported approximately
15,000 acres of hydrilla, and by the fall of
1990, this coverage had expanded to a peak of
32,000 acres. The stocking effort originally
called for the release of 100,000 fish per year
for 3 years. Because of the widespread fish
kills experienced in Lake Marion following
Hurricane Hugo in 1989, however, the stock-
ing program was extended into a fourth year.
This incremental stocking of 100,000 white
amur per year from 1989 through 1992 into a
170,000-acre lake system represents a total of
400,000 triploid white amur.

Similarly, the Tennessee Valley Authority
(TVA) was designated as lead agency for a
joint TVA/USACE project in which TVA,
with support provided by the U.S. Army Engi-
neer Waterways Experiment Station, as well
as the Nashville District, would develop a
plan for reducing excessive vegetation on
Guntersville Reservoir.

The initial phase, planned and implemented
by TVA, began with stocking 100,000 triploid
white amur into the 68,000-acre impoundment
during April-June 1990. The target plant was
hydrilla, which had infested approximately
3,000 acres in 1988.

Application of AMUR/STOCK

The AMUR/STOCK model was developed
to provide users with a systematic evaluation
tool for answering “What if” questions regard-
ing the results of various white amur stocking
scenarios. The model has been applied pri-
marily to Guntersville Reservoir (see Boyd
and Stewart 1990, 1991, 1992) to predict the
level of control that will result from the 1990
white amur stockings by TVA.

Because Guntersville Reservoir supported
a mixed plant community prior to stockings,
assumptions had to be made for proportional
feeding rates on the different plant species.
Assumed feeding proportions were based on
two factors: (a) the feeding preferences of
white amur for the plant species included in
the scenario and (b) the availability of each
plant species (Boyd and Stewart 1992). For
Guntersville Reservoir simulations, it was

1 U.s. Army Engineer Waterways Experiment Station, Vicksburg, MS.
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assumed that the fish would first feed on the
“preferred” plant species (i.e., hydrilla and an-
nuals); and that after these were controlled,
they would begin to feed on “nonpreferred”
plant species (i.e., Eurasian watermilfoil). Ex-
ample simulation outputs based on these feed-
ing assumptions and on 1989 Guntersville
Reservoir aquatic plant infestation levels are
presented in Figure 1.

Comparison of Fish Weights
for Lake Marion and
Guntersville Reservoir

Initial comparisons of fish weights by age
class for Lake Marion and Guntersville Reser-
voir are shown in Figure 2. Weights for the
same age-class fish were consistently higher
at Lake Marion than at Guntersville Reser-
voir. At age class 4, the fish at Lake Marion
were more than 3.3 kg larger than at Gunters-
ville Reservoir. Kirk, Morrow, and Killgore
(1994) provide additional detailed information
on derivation of these fish weight estimates.
It is known that water temperature directly af-
fects fish feeding and thus indirectly affects
fish weight. The lower fish feeding threshold

temperature for triploid white amur is 11 °C,
As can be seen in Figure 3, average monthly
water temperatures at Lake Marion are gener-
ally higher than at Guntersville Reservoir.
There are no real significant differences in
the two water bodies; however, simulations
discussed above for Guntersville Reservoir
that were based on these lower water tempera-
tures generated fish size estimates higher than
estimates from field measurements (Figure 4).
Additionally, fish size estimates generated by
Lake Marion simulations compared well with
field estimates (Figure 5). Thus, other fac-
tor(s) must be contributing to the differences
found in fish weights at the two reservoirs.

Because of the large differences between
the simulated and calculated white amur
weights for Guntersville Reservoir, a review
of the observed aquatic macrophyte coverages
during the poststocking years (see Figure 6)
was made to investigate other possible causes
for the low growth rates. The review revealed
that while hydrilla and the annuals have been
controlled, the Eurasian watermilfoil has con-
tinued to expand in coverage, thus indicating
that white amur have had little if any impact
on Eurasian watermilfoil. Therefore, additional

200,000 -
L D MILFOIL
| 11000 ACRES
180,000 | 7.1 TONS/ACRE
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160,000 L— — 2000 ACRES
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c
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Figure 1. Standing crop resulting from three stockings in Year 1 of a 10-year simulation:
35,000-May, 50,000-June, and 15,000-July. Initial fish size was 0.75 Ib/fish, and plant
infestation levels were based on 1989 Guntersville Reservoir conditions
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Figure 6. Observed aquatic macrophyte coverage at Guntersville
Reservoir, AL, from 1984-1993
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Figure 7. Comparison of age and growth of triploid white amur stocked
at Guntersville Reservoir, AL. Simulations assume the fish
do not feed on Eurasian watermilfoil
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AMUR/STOCK simulations were run under
the assumptions that after hydrilla and the an-
nuals were controlled, the fish would not
maintain their maximal consumption rates by
feeding heavily on milfoil. Based on these as-
sumptions, consumption rates were lower and
simulated fish weights were much closer to
calculated fish weights (Figure 7).

Future Work

Fish mortality may vary significantly from
one system to another, especially when ex-
treme circumstances occur, such as the wide-
spread fish kills experienced at Lake Marion
in 1989 as a result of Hurricane Hugo. In an
effort to allow the user to account for excessive
losses, or if the user has an annual percentage
value for fish mortality, AMUR/STOCK is de-
signed to accept these user-input annual fish
mortality rates. It is realized that most users
will not have access to fish mortality rates;
therefore, AMUR/STOCK sets a default fish
mortality percentage that is a function of both
the fish size and age. Further validation, how-
ever, is needed to validate these fish mortality
rates and relationships.

As collections of triploid white amur con-
tinue at both Lake Marion and Guntersville
Reservoir, more information will become
available on relationships between fish age-
classes and fish weights. This information
will be useful in further validating fish growth
relationships already used in AMUR/STOCK.
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HERBICIDE Simulation Model for Evaluating
Fate Processes Effects

R. Michael Stewart*

Description of HERBICIDE

Model overview

The HERBICIDE simulation model cur-
rently under development is a decision support
software package (Rodgers, Clifford, and
Stewart 1991; Stewart 1993) that generates
information useful for determining the effec-
tiveness of aquatic herbicide application tech-
niques for particular control requirements and
site conditions. The structure of the model
allows estimations or predictions for (a) the
postapplication fate of a herbicide formulation
active ingredient and (b) the level of target
plant control resulting from the attained expo-
sure. Recent work has focused on testing and
demonstrating the applicability of the overall
simulation. Example applications are briefly
discussed herein.

Fate considerations

Significant reductions to initial concentra-
tions of herbicide active ingredients following
their release into aquatic systems are effected
through the action of various fate processes.
The level of the reductions is dependent upon
the nature of the herbicide formulation (e.g.,
liquid, slow-release matrix), the chemical
properties of the active ingredient, and the site
conditions (Westerdahl and Getsinger 1988).
Fate processes can be classified as either trans-
fer processes or transformation processes
(Reinert and Rodgers 1987). Transfer pro-
cesses considered by HERBICIDE simulations
result in partitioning of the active ingredient
into the water, the target plant tissues, and the
sediments. Within these partitions, herbicide

levels are continually reduced through the col-
lective action of various transformation or deg-
radation processes. Ultimate rates and levels of
partitioning and degradation are determined in
the simulation through user initialization of the
parameters listed in Table 1.

In still or slow-moving waters, herbicides
are often applied as liquid formulations, and
the applications result in immediate release of
the active ingredient fraction. Though parti-
tioning into sediments and biological (e.g.,
target plants) compartments contributes to
overall aqueous concentration reductions, deg-
radation processes often account for the ma-
jority of the reductions in low water exchange
systems. Degradation rates are typically esti-
mated as half-life decay rates. For most active
ingredients, degradation is a summation of
multiple processes, and cumulative rates vary
depending on site conditions (e.g., water
temperature and turbidity). For this reason,
degradation rates are typically reported as a
range,

As the water exchange rate at the applica-
tion site increases, dilution becomes the most
significant process effecting herbicide reduc-
tions in the treatment area. Applicators must
consider the effects of water exchange in
order to obtain proper plant exposure in the
treatment area. Research for development of
better herbicide formulations and application
techniques for systems with moderate to high
water exchange rates is currently being con-
ducted by Chemical Control Technology’s
Herbicide Delivery System work unit (Turner
et al. 1993),

1 us. Army Engineer Waterways Experiment Station, Vicksburg, MS.
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Table 1

Input Requirements of Module | for
Callbration of Various Herbiclde Fate
Process Algorithms in HERBICIDE

Transfer

Processes Input Requirements

Drift Percent loss of active ingredient

Dilution Application rate of formulation
Percent active ingredient
Release half-life of formulation
Average depth of treated area
Water exchange rate

Sorption Herbicide sediment layer partition

coefficient
Total suspended solids
Sedimentation rate
Depth of active sediment layer
Sediment water content, %
Sediment diffusion exchange rate

Volatilization Volatilization half-life in water

Bioaccumulation | Bioaccumulation Factor (BCF)

Transformation

Processes Input Requirements

Oxidation Oxidation half-life in water
Oxidation half-life in sediments

Hydrolysis Hydrolysis half-life in water
Hydrolysis half-life in sediments

Photolysis Photolysis half-life in water

Photolysis half-life in sediments

Biodegradation Biodegradation half-life in water

Biodegradation half-life in sediments

Demonstration of
HERBICIDE Use

Objectives and assumptions

The objectives of the following sections is
to demonstrate the use of HERBICIDE for
evaluating the level of reductions that selected
fate processes can have on postapplication
herbicide concentrations. For the demonstra-
tion, simulations were initialized for three cat-
egories of fate conditions. Category 1 and 2
simulations considered the effects of different
degradation and water exchange rates, respec-
tively, following application of a liquid herbi-
cide formulation. Category 3 simulations
considered effects of different water exchange
rates following application of a slow-release
herbicide formulation.

Outputs from individual simulations are
then compared on the basis of concentration
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and exposure time combinations required to
achieve an effective level of aquatic plant con-
trol. The theoretical concentration and expo-
sure time relationship illustrated in Figure 1
was developed strictly for this demonstration
purpose and should not be confused with em-
pirically determined relationships reported by
Chemical Control Technology’s Concentration/
Exposure Time work unit (Netherland, Getsin-
ger, and Turner 1993), We assumed under
this relationship that simulations that provide
aqueous concentrations of 2.5 mg/L or greater
for at least 12 hr, 1.0 mg/L or greater for 1 or
more days, 0.5 mg/L or more for 2 or more
days, or 0.25 mg/L or greater for 3 or more
days would provide effective control. To pro-
vide a basis for further comparison of formu-
lation types (i.e., liquid versus slow-release
formulation), we assumed that label restric-
tions prohibited water concentrations from
exceeding 2.5 mg/L.

All of the simulations were initialized for
an application rate of 25 kg of active ingredi-
ent. The application site considered was 1 ha
in area with an average depth of 1 m. The ini-
tial aqueous concentration for all simulations
considering liquid formulations (i.e., Category
1 and 2 simulations), therefore, was 2.5 mg/L.

Category 1 simulations:
Degradation rate comparisons

Category 1 simulations were initialized to
evaluate the effects of half-life degradation
rates of 0.5, 1.0, 2.0, and 4.0 days on herbicide
aqueous concentrations. Outputs of these four
simulations are illustrated in Figure 2. Be-
cause of degradation, herbicide concentrations
in all four simulations fell below 2.5 mg/L prior
to the 12-hr exposure period that our assump-
tions required for effective control. The simula-
tions representing the longer three degradation
rates indicate that effective control would be
achieved. In each of these simulations, con-
centrations greater than 1.0 mg/L were main-
tained longer than 1 day. In the simulation
for the 0.5-day half-life degradation rate, how-
ever, concentrations consistently fell below
the critical level before the required exposure
time, indicating that control would not be

Proceedings, 28th Annual Meeting, APCRP
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achieved. For effective control to be attained
under this degradation rate, the application
rate would need to be augmented, either by
adding more herbicide initially or by making
additional applications on later dates. The for-
mer of these would be prohibited by our as-
sumed label restriction on maximum water
concentration. The latter may be prohibited
by increased operational costs (e.g., man-
hours and equipment) associated with a repeat
application.

Category 2 simulations:
Water exchange rate comparisons

Under real application conditions, water ex-
change is often responsible for failure to ob-
tain exposures adequate for effective control.
Under this scenario, simulations were initial-
ized for application of a liquid herbicide for-
mulation into sites with water exchange rates
of 0.5, 1.0, 2.0, and 4.0 exchanges per day.
Outputs shown in Figure 3 indicate that con-
centration and exposure time combinations
needed for effective control would only be at-
tained under the slowest water exchange rate.

Category 3 simulations:
Formulation release rate considerations

Current research on development of slow-
release formulations is offering promise for
improving herbicide application effectiveness
under moderate to high water exchange condi-
tions. In comparison with liquid formulations,
slow release formulations provide gradual re-
lease of the active ingredient over time, thereby
extending the exposure period attained by a
single application. To demonstrate how the
HERBICIDE model can be used to evaluate
this aspect of slow-release formulations, simu-
lations were initialized for application of a
4-day half-life release rate formulation under
water exchange rates of 0.5, 1.0, 2.0, and 4.0
exchanges per day. Outputs of these simula-
tions are shown in Figure 4. In comparison to
Category 2 simulations (Figure 3), peak con-
centrations were reduced but maintained for
a longer period of time by the slow-release
formulation, even though the same amount of
herbicide was applied. In Figure 4, concentra-
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tion and exposure time combinations required
to effect control were attained under the 0.5 and
1.0 per day water exchange rates. As with
Scenario 2 simulations discussed above, effec-
tive control was not indicated in Figure 4 for
the higher two water exchange rates. However,
since the peak concentrations were reduced,
initial application rates for these simulations
could have been increased sufficiently to pro-
vide required herbicide levels without exceed-
ing the 2.5-mg/L. maximum label concentration.

Summary

The HERBICIDE simulation model is
being developed as a decision support software
package that generates information useful for
determining the effectiveness of aquatic herbi-
cide application techniques for particular con-
trol requirements and site conditions. This
paper briefly describes the use of the software
package for accomplishing these objectives.
For herbicide applications where degradation
and water exchange rates can be accurately es-
timated, outputs of the type presented herein
from HERBICIDE, coupled with information
from established concentration/exposure time
mortality relationships, will help provide guid-
ance for selecting the proper application tech-
nique for effective aquatic plant control.
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The Role of Global Positioning System
Technology in Aquatic Plant Control

Scott Bourne,1 M. Rose Kress,1 and Tommy Berry1

Photo interpretation of aerial photography
and visual inspection of aquatic plants by
resource managers have been the primary
methods of estimating the extent of aquatic
plant infestations. While both of these meth-
ods provide an acceptable technique for map-
ping aquatic plants, they have limitations.
The acquisition and interpretation of aerial
photography is accurate but time-consuming
and expensive. In many cases, months are
needed to obtain the photography, delineate
the plant types, and determine plant acreage.
Experienced aquatic plant managers can con-
duct visual inspections of aquatic plant beds
and make acreage estimates. Realistic control
program budget requests and contract specifi-
cations for chemical treatment applications de-
pend directly on the accuracy of the
infestation acreage estimates.

Global positioning system (GPS) technology
provides project managers with the capability
to survey and map aquatic plant infestations
accurately, timely, and at a relatively low cost.
The aquatic plant manager can use GPS tech-
nology for (a) initial plant mapping, (b) docu-
mentation of the locations and extent of
chemical applications, and (c) for follow-up
(repetitive) mapping of treated areas for moni-
toring the effectiveness of the treatment.

The basic components of a GPS system are
(a) the GPS satellite constellation, (b) a base
station receiver (optional), (c) one or more
mobile receivers, and (d) software. The satel-
lites are maintained and operated by the U.S.
Government. They transmit coded signals
that are collected by ground GPS receivers.
The geographic (xyz) coordinates of the ground
receiver are calculated by the software. These
geographic coordinates are the basic output

from GPS and are the comnerstone of a fast,
easy, low cost, and accurate mapping capability.

The satellite constellation contains 26 oper-
ational satellites (at the time of this report).
These satellites provide 24-hr continuous, all-
weather geographic positioning. An optional,
stationary receiver (base station) is needed to
achieve the highest positional accuracy. A
base station, if used, is always positioned
over a known control point (benchmark). The
improved positional accuracy is achieved
with differential correction of GPS data. This
correction is based upon the differences be-
tween the known geographic coordinates
(xyz) of the base station and the calculated
ranges from the satellite to the base station.
Without a base station, horizontal positional
accuracy (xy coordinates) is 15 to 30 m.

With a base station, horizontal positional ac-
curacy improves to 2 to 5 m.

The GPS software is used in planning the
data collection process and in postprocessing
the collected data. The planning software
uses an almanac transmitted by the satellites
and captured by the GPS receiver. This alma-
nac provides information about the satellite
locations and is used to determine optimum
data collection times. The postprocessing soft-
ware is used to download data from the data
logger to a personal computer, perform calibra-
tions, differential corrections, and xyz coordi-
nate calculations, and export the GPS data for
transfer to other data analysis softwares.

To effectively use GPS technology for
aquatic plant control programs, special tech-
niques and operational procedures were estab-
lished. Four of these techniques are discussed
below: (a) placement of GPS equipment on

1 y.s. Army Engineer Waterways Experiment Station, Vicksburg, MS.
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the boat, (b) optimum boat maneuvering,
(c) data format and attribute assignment,
and (d) export of GPS data to other software
packages.

Equipment placement is an important factor
in how well the GPS equipment operates and
should not interfere with operation of the
boat. Equipment consisted of the GPS com-
pact dome antenna, GPS receiver and system
battery, data logger, barcode wand, and
barcode notebook. The antenna for the GPS
unit was positioned on the boat where the sig-
nals received from the satellites were not ob-
structed by the operator/passengers or any
objects on the boat. The best place determined
to mount the antenna on an airboat was the
cage that encloses the engine and propeller Plant/Water Interface
(Figure 1). Special care was taken to ensure
that the antenna and antenna cable were se-
cured properly. The GPS receiver and system
battery were placed under the seat of the oper-
ator, out of the way, but convenient enough
so the battery could be changed easily. The
data logger, notebook of barcodes, and the
scanning wand were placed on a removable Figure 2. Boundary or interface line between
platform mounted to the side of the boat oper- plant beds and/or open water are mapped
ator. This platform allowed the operator to as line features with GPS
operate the boat without having to physically

Water

hold the GPS equipment. of plant/water and plant/plant interface lines.
The speed of the boat and the rate of data col-
To map aquatic plant stands, the airboat lection was determined so that enough GPS
was navigated along the plant/water or plant/ points were recorded to adequately define the
plant interface line. Figure 2 shows examples interface lines and at the same time not use a

large amount of disk space on the data logger.
A point recorded by the GPS unit and the attri-
butes stored with that point occupy roughly
60 bytes of storage. If the airboat is traveling
at a speed of 10 miles/hour and the GPS unit
is collecting data every second, the amount of
disk space needed to store points collected
over a mile is 21,600 bytes. Table 1 shows
the rate of data collection in relationship to
the speed of the boat and how many points
will be recorded each mile traveled. If sepa-
rate aquatic plant beds are to be mapped and
are far apart (>1 mile), the operator should

Figure 1. GPS antennas are securely mounted ~ turn the GPS unit off to save disk space on

on the wire cage of the airboat. To the right, the data logger. The maneuvering space and
the base station antenna is mounted on a the shape of the interface are key factors in
tripod and elevated above building roof selecting a proper data collection rate. Long,
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Table 1
Boat Speed and GPS Data Collection Rate
per Mile Traveled
Points Boat Speed, mph
per
Minute |5 10 15 20 25
60 720 360 240 180 144
20 240 120 80 60 72
12 144 72 48 36 29
6 72 36 24 18 14
4 48 24 16 12 10

straight interface lines can be accurately de-
fined with only a few data points. A curved
or complex shaped interface requires more
points for accurate delineation of the plant
bed. The data collection rate is specified as
the number of seconds between signal capture.

GPS data can be collected as points, lines,
or polygons (enclosed areas) depending on
the user’s need. The best GPS data collection
format for mapping aquatic plant beds for con-
trol operations was line features. Descriptive
information (attributes) was assigned to the
line features during active data collection
with the GPS unit. For aquatic plant mapping,
each interface line was assigned two attributes.
The two attributes described what was on the
left side and right side of the boat (line) (e.g.,
left side = hydrilla, right side = water). Bar-
code technology was used to encode and store
descriptive attributes with the GPS signals.

A sheet of barcodes, each representing an
aquatic plant species, was carried on the boat.
The operator passed the barcode wand over
the appropriate barcode symbol to identify the
plant type (or water) present on each side of
the interface. When the plant type changed, a
new barcode was selected and scanned.

For mapping, plotting, data inventory, and
analysis, the corrected GPS data were trans-
ferred to a geographic information system
(GIS). Figure 3 is a GIS plot of GPS data
collected using a mobile receiver and base
station while tracking a hydrilla treatment
(sonar) application boat. The GPS data pre-
sented in Figure 3 show the path taken by the
boat during application and reflects the areas
of hydrilla that received some level of direct
treatment. Later, this data file will be import-
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ant documentation for evaluating the effective-
ness of the chemical application. Two types
of information used by aquatic plant manag-
ers are length of the plant/water interface line
and the acreage of the plant bed. A special
program was written by the U.S. Army Engi-
neer Waterways Experiment Station to assist
in transfer of GPS data to the GIS and the di-
rect retrieval of this information from the
GIS. The program assists the user to refer-
ence the GPS line features to the shoreline as
defined in the GIS database, identify and edit
individual plant polygons, determine the acre-
age of plant beds, and calculate interface
lengths.

Summary

GPS technology is being used as an effec-
tive tool in aquatic plant control operations
and management. With this technology, the
aquatic plant manager is able to map plant dis-
tributions, transfer the data to a GIS, and accu-
rately determine plant acreage. Also, once
the data have been transferred into the GIS,
the aquatic plant manager is able to generate
hard copy output of aquatic plant distribution
maps and characteristics. These plant distri-
bution maps assist managers in planning and
coordinating treatment applications. GPS and
GIS technologies are also used to document
locations and extent of chemical applications.
This documentation is valuable to managers
for assessing long-term treatment effective-
ness and scheduling repeat applications. GPS
technologies are being used by aquatic plant
managers to make better decisions based on
accurate information about plant distributions
and chemical applications.
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Figure 3. GIS plot of GPS data collected while tracking a chemical treatment application boat.
The dashed line is path taken by application boat and thus area of direct treatment
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Incorporation of Simulation Technology into
an Aquatic Plant Management System

Richard E. Price,! Craig Smith,! and R. Michael Stewart

Background on Simulation
Technology Area

The Simulation Technology area was estab-
lished to research and develop simulation
techniques for evaluation of the effects of var-
ious aquatic plant control techniques on plant
populations. The technology area had its be-
ginnings in the late 70s with evaluation of nu-
merical modeling approaches for use in
aquatic plant control. At the 15th annual
Aquatic Plant Control Research Program
(APCRP) meeting in 1980, Wolsinski (1981)
reported on a workshop held at the U.S. Army
Engineer Waterways Experiment Station
(WES) to evaluate the use of models to pre-
dict effects of various management and con-
trol strategies. A variety of mechanistic
model approaches were identified to evaluate
short-term effects such as chemical control
techniques and long-term effects from
biocontrol techniques. However, the exten-
sive input data sets required for operation of
these models were an unattractive feature for
aquatic plant managers.

At the 18th annual APCRP meeting in Ra-
leigh, NC, in 1984, Sabol (1984) presented a
paper on conceptual development of methods
for determining effectiveness of control tech-
niques under the Mechanical Control Technol-
ogy Development area. The idea of using
simple empirical simulation techniques with
minimal input data was extended to include
the prediction of degree of control and effec-
tiveness of a given technique.

By 1986, the need to integrate control tech-
niques with management objectives was rec-

1

ognized. At the 20th annual APCRP meeting,
Hart and Getsinger (1986) presented an as-
sessment concept for integrated management
of aquatic plants. This aquatic plant manage-
ment strategy included definition of manage-
ment objectives, information on control
methods and effects of methods, operational
constraints, and economic considerations. De-
fining management goals, selecting appropri-
ate control techniques, identifying operational
constraints, minimizing costs, and document-
ing results were key components of this strat-
egy. This management-oriented control
approach added additional evaluation require-
ments to those previously included in a “con-
trol only” oriented approach.

Although the need for inclusion of manage-
ment considerations and integration of control
approaches was recognized, research did not
expand beyond development of simulation
models. At the 21st annual APCRP meeting,
West (1987) presented a procedure for devel-
opment of aquatic plant control simulation
models. He reported on a chemical control
model that included dispersion of the chemical
(herbicide) as a function of time and chemical
half-life. Development of simulations for bio-
logical control of waterhyacinths using the
Neochetina weevils was also reported. The
following year, Stewart (1988) reported on
simulation technology development, including
plant growth simulations along with existing
chemical and biocontrol simulation models.
At this point, development of simulation pro-
cedures for all control techniques was under-
way with the ultimate goal of providing
aquatic plant managers with individual evalua-
tion procedures for each control technique.

1 us. Army Engineer Waterways Experiment Station, Vicksburg, MS.
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This approach has been effective for the
development of simple process-oriented simu-
lations that have been utilized by a number of
resource managers. At the 25th annual
APCRP meeting, Stewart (1991) reported on
historical development of simulation proce-
dures indicating that models developed for
mechanical harvester evaluation (HARVEST)
and stocking of white amur (AMUR/STOCK)
have been well received with broad distribu-
tion within the Corps of Engineers, other gov-
ernment agencies, and private businesses. An
additional effort was included in the simula-
tion technology area involving development
of aquatic plant databases to support simula-
tion models. The following year, Stewart
(1992) added evaluation and technology trans-
fer as important functions for the develop-
ment of simulation models.

The simulation technology area currently
consists of four work units: plant growth
models for stand-alone evaluations and for in-
clusion into control evaluation systems, chem-
ical control simulations to evaluate impacts of
chemical control techniques on aquatic plant
infestations, biocontrol simulations to evalu-
ate impacts of biological control techniques
on aquatic plant infestations, and aquatic
plant database development for use with com-
puter simulation technologies.

Simulation Technology
for Aquatic Plant Management

The need for more comprehensive plant
management programs has also been recog-
nized by aquatic plant managers. In Decem-
ber 1992, the Aquatic Plant Control Program
Evaluation Guidance Task Force completed
the Aquatic Plant Management Self-Evaluation
Document describing a procedure for aquatic
plant managers to assess the efficiency and ef-
fectiveness of their programs. In 1993, this
Aquatic Plant Management Self-Evaluation
was implemented by the South Atlantic Divi-
sion on a trial basis to evaluate its use within
aquatic plant management programs. A
major feature of this guidance was the provi-
sion for consideration of ecological factors,
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current aquatic plant control technology, re-
cent developments, and technology transfer.
Although the procedure is implemented as a
checklist for the manager to complete several
times a year, a variety of requirements and re-
sponsibilities are listed. An aquatic plant
management plan is the first requirement, in-
cluding management philosophy and objec-
tives. Other requirements include annual
surveys to include mapping and assessment of
problems (target species, quantities, and loca-
tion) and assessment of previous control effec-
tiveness. Technical knowledge requirements
also include responsibility for reference publi-
cations and materials on control techniques.

The approach in the Simulation Technology
Area has been to develop single-purpose mod-
els of plant growth and individual control tech-
niques. These models have been nonspatial,
empbhasizing detailed processes and developed
parallel with other APCRP technology areas
(chemical control, biocontrol, and plant ecol-
ogy). An aquatic plant manager may imple-
ment individual models to provide simulation
information on specific chemical (herbicide)
application rates to control certain aquatic
plants, such as a stand of watermilfoil or de-
velop costs associated with the use of a me-
chanical harvester such as the costs to control
waterhyacinth in a lake. The plant manager
must then assess the impacts of the control
technique on both the target and nontarget
plants through his personal experience, litera-
ture, and experience of others working in the
field.

The single-purpose modeling approach has
been very useful in the development of simu-
lation models, but it assumes the aquatic plant
manager must have the expertise, data, and ex-
perience to implement the models and interpret
the output relative to his management objec-
tives. From the background of the simulation
technology area, the need for more comprehen-
sive integration of simulation technology with
plant management programs has been recog-
nized. With a management-driven system,
the aquatic plant manager could input his/her
management philosophy, goals, and objectives
into the Aquatic Plant Control Evaluation
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System that would formulate criteria for eval-
uation of potential management strategies and
provide guidance on a given approach for
control of aquatic plants. Knowledge-based
modules would organize management objec-
tives and criteria in the database for use of
assessment and simulation modules. Links be-
tween modules would allow sharing of data
and display routines for consistent comparison
of results from data analyses and simulation
routines. With additional knowledge-based
modules, the system could be operated to de-
termine the advantages and disadvantages of
a given control technique. Regulatory criteria
associated with the use of some techniques
could be incorporated into knowledge-based
modules for rapid evaluation of effects of
management approaches.

There now exists the need for integration
of simulation modules with aquatic plant and
control technique databases, evaluation proce-
dures, and field techniques to provide the
manager with a comprehensive aquatic plant
management system. This comprehensive
management system is described below.

Overview of the Aquatic Plant
Management System

The Aquatic Plant Management System is
a personal computer-based system for develop-
ment of aquatic plant management objectives,
determination of sampling and monitoring
procedures, aquatic plant database operations
and simulation, evaluation of control tech-
niques, and assessment of management success.
This system of knowledge-based modules,
databases, and simulation modules will allow
the user to taxonomically identify aquatic
plants, assess the current situation relative to
resource utilization requirements, determine
sampling/monitoring needs, maintain an
aquatic plant database and simple display
routines, and conduct simulations of aquatic
plant populations relative to aquatic plant
control activities.

An important aspect of this system is the
flexibility for the user to interact with individ-
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ual modules of the system directly. Through
a windows-based approach, the manager may
conduct simulations or database operations
without interacting with the other modules.
This would allow the user to conduct an evalu-
ation of a chemical control application on a
stand of milfoil. If the user wishes to deter-
mine the best control approach consistent
with his management objectives, the system
will conduct simulations with all control ap-
proaches requested and rank them according
to user-defined evaluation criteria, such as
costs, longevity, effectiveness, or potential
impacts on nontarget species. In a windows
environment, criteria for aquatic plant man-
agement will be available to other modules,
as well as data from the database. This will
also allow consistent update of routines as
new information is developed or routines are
revised to reflect changes in the technology.

The system will be composed of five major
components or modules, which are described
in the following sections. Although the mod-
ules are linked for integration of technologies,
the user may access any of the five modules
directly to address specific concerns.

Management Strategy Planner

This module is the primary module for de-
scription of aquatic plant setting and linking
of management objectives with other mod-
ules. Within this module, a knowledge-based
routine will evaluate current setting or situa-
tion through specific questions to the user; it
will then identify management objectives and
record management goals, in a qualitative
manner, and ask for criteria for evaluation of
management objectives. This will result in a
referral to other modules for further evalua-
tion or a recommendation of no further ac-
tion. If further action is needed, it will then
determine the need for data collection or mon-
itoring programs and proceed to the database
module to establish database formats.

An assessment module will be included
that is a knowledge-based tool incorporating
output from the situation module and databases
for referral to a simulation technique. This
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module will evaluate changes in spatial and
temporal scales and determine which simula-
tion/model is most appropriate. Criteria from
the situation module is used to predict success
from the application of a given control
method. This module also allows the user to
determine the mode of operation for simulation/
models, either directly through specification
of which simulations/models to implement

or allowing the system to determine the best
simulation/model approach for the given
situation. This module also provides user
information on control approach for cost,
longevity, degree of success, implementation
information, and secondary impacts of a
given technique.

Field Techniques Toolbox

The Field Techniques Tool Box includes a
knowledge-based system for identification of
proper field sample techniques based on ini-
tial criteria and management objectives de-
fined by the user. It will then define the type
and frequency of samples, provide a statistical
design, and provide guidance on quality con-
trol of field and laboratory analytical tech-
niques. Knowledge-based systems developed
for plant identification keys are also included
in this package.

This module requires site data and descrip-
tions, vegetation data, aquatic plant concerns,
objectives and information from the manage-
ment strategy planner, and any information on
ongoing sampling, monitoring, or treatment
programs. It will provide appropriate sample
techniques (such as the need for global posi-
tioning systems, remote sensing, or field sur-
veys) or design and provide guidance on
monitoring frequency and location.

Aquatic Plant Database

The Aquatic Plant Database module will
provide data storage for the aquatic plant man-
ager. It will include simple data analysis rou-
tines for simple statistical analysis and a
display package for simple plotting of data.
This will allow the user to input plant survey
data and compare graphically or statistically
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against data sets from previous years or other
reservoirs with similar situations. As geo-
graphical information systems (GIS) for
aquatic plant management develop, links to
external GIS packages will be included.
Databases from experimental and demonstra-
tion programs conducted by WES and other
agencies will be available for inclusion at the
users discretion.

Data analysis routines will include simple
statistical analysis (means, range, regression,
and significance tests) and plot capability
(scatter plots, bar graphs, etc.).

Simulation/Model Toolbox

This module consists of a user interface for
simulation models as well as routines for
model access to data from the database module.
Models of water flow, plant growth, chemical
control, white amur, insect, mechanical ap-
proaches, and plant succession reside as sub-
modules in this module. Initially, output
from the simulations will be displayed in nu-
merical or graphical form. As GIS techniques
develop, links to a GIS through the database
module will allow spacial considerations.

This toolbox is subdivided into three major
areas: growth models, control technique
models, and macrophyte effects models. The
growth models will simulate growth and ex-
pansion of macrophyte beds in the absence of
control techniques. The control techniques
models will simulate the effects of control
techniques on the target plants and the degree
of control. Macrophyte effects models will
predict the effects of control activities on
fish/invertebrate habitat and economic
considerations.

Control Techniques Database

This module consolidates narrative and nu-
merical data on chemicals for control applica-
tion, information on mechanical harvesters,
information and data on biocontrol organisms,
status of various control techniques, case his-
tories of actual field applications and simula-
tions, and a literature reference database with
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abstracts. Using a knowledge-base approach,
it will provide the user with technology and
case histories on operational approaches,
effectiveness of control techniques, regula-
tory information, compatibility of data with
management approaches, and costs of various
techniques. This module would allow the
user to prepare justifications for control
approaches.

Summary

The Simulation Technology Area in the
APCRP has developed a number of single pur-
pose simulation/model tools to evaluate aquatic
plant control strategies. The need now exists
for incorporation of the Simulation Technol-
ogy Area into a broader based Aquatic Plant
Control Evaluation System. This simulation/
model system would include modules for eval-
uation of control strategies, sample techniques,
plant database and references, as well as simu-
lation/model routines. With the development
of this system, aquatic plant managers would
have a single simulation/model system for
evaluation of control approaches using user
defined criteria and objectives.
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Ecology of Aquatic Plants

Overview of Advances in Aquatic Macrophyte Ecology

John W. Barko'

Introduction

Research within the ecological technology
area of the Aquatic Plant Control Research
Program (APCRP) is directed largely towards
determining the response of submersed aquatic
macrophytes to environmental conditions. A
variety of environmental factors including
light, water temperature, nutrients, and sedi-
ment composition interact in affecting the pro-
ductivity, distribution, and species composition
of submersed macrophyte communities. Com-
plex interactions among these factors and
submersed macrophyte growth are currently
being addressed. Additional efforts focus on
mechanisms whereby submersed macrophyte
communities influence hydrodynamic condi-
tions. Virtually all of the knowledge accumu-
lated to date, based on ecological investigations
in the APCRP, is being focused on newly initi-
ated investigations of factors contributing to
invasions and declines of submersed
macrophyte populations.

The purpose of this article is to provide an
overview of recent advances in aquatic
macrophyte ecology, based on research activi-
ties in the APCRP. This article highlights re-
sults of current research activities reported in
greater detail elsewhere in this volume.

Light, Temperature,
and Competition

Light is important in determining macro-
phyte morphology and distribution (with lati-
tude, season, and depth), thereby influencing
productivity and species composition as well.
Differences in the morphological and/or physi-
ological adaptability of submersed macrophyte
species to various conditions of irradiance may

account for the greater competitive ability of
some species compared with others in aquatic
systems. In this connection, species capable
of concentrating photoreceptive biomass at or
near the water surface in low-irradiance envi-
ronments are able to competitively displace
species possessing relatively prostrate growth
forms (Smart 1994). For example, Vallisneria
americana appears to be disadvantaged in
aquatic systems characterized by low water
clarity, because of its limited elongation po-
tential and high light requirements for photo-
synthesis (Kimber 1994). Conversely, Egeria
densa, Hydrilla verticillata, Myriophyllum
spicatum, and Potamogeton americanus pos-
sess the ability to form a foliar canopy at the
water surface and, thus, have access to a high
light environment.

Most submersed macrophyte species
demonstrate increased growth with increasing
water temperature up to about 28 °C. Lower
temperatures effectively diminish the growth
capacity of most submersed macrophytes.
However, at temperatures greater than 28 °C,
production of reproductive structures (e.g.,
tubers) can be diminished significantly
(McFarland and Barko 1994). Considering
the distribution of submersed macrophytes in
North America, differences in water tem-
perature regimes in combination with basic
differences in life cycle probably account for
some of the variations in the latitudinal range
of macrophyte species.

The potential for aquatic systems to sup-
port excessive submersed macrophyte growth
generally increases from north to south in the
United States because of increasingly favor-
able temperatures. However, a notable excep-
tion to this generalization is Myriophyllum
spicatum, which initiates growth at relatively

1 U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS.
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cool water temperatures. For species capable
of accessing the water surface, conditions
there of both relatively high light and high
temperature provide an optimal environment
for growth even early and late in the growing
season. For this reason, macrophyte species
that effectively concentrate biomass at the
water surface (e.g., Myriophyllum spicatum
and Hydrilla verticillata) are potentially more
productive than other species restricted to
lower positions in the water column.

Nutrition and
Sediment Composition

From research conducted in this laboratory
and elsewhere, it is now generally accepted
that rooted submersed macrophytes obtain
nitrogen, phosphorus, and micronutrients
primarily by direct uptake from sediments
(Table 1). The role of sediment as a direct
source of these elements for submersed
macrophytes is ecologically significant, since
their availability is normally very low in the
open water of aquatic systems. Considering
the usual abundance and conservative nature
of other major elements in the open water of
most aquatic systems, it is unlikely that low
concentrations of these directly limit growth
of submersed macrophytes.

Table 1
Primary Sources of Nutrient Uptake
by Submersed Aquatic Macrophytes

Nutrient(s) Source
Nitrogen Sediment
Phosphorus Sediment
Iron Sediment
Manganese Sediment
Micronutrients Sediment
Calcium Open water
Magnesium Open water
Sodium Open water
Potassium Open water
Sulfate Open water
Chloride Open water

Sediment composition affects nutrition and
thereby has a pronounced influence on the
growth of submersed macrophytes. In gen-
eral, growth is relatively poor on both highly
organic sediments and on sands compared
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with fine-textured inorganic sediments. Poor
growth on sands is caused by low sediment
fertility and on organic sediments by low sedi-
ment density. High concentrations of organic
matter in sediments negatively affect the
growth of submersed macrophytes by reducing
the availability of essential nutrients (most
notably N and P) as a function of low sediment
density.

Mechanisms of growth regulation on sand
and organic sediments are similar, since both
involve nutrition. The physical and chemical
characteristics of bottom sediment, which in-
fluence macrophyte nutrition, are clearly af-
fected by sedimentation patterns. Thus
macrophyte nutritional relationships need to
be addressed through studies of sedimentation.

At moderate rates of sedimentation, sedi-
ment deposits can provide a nutritionally
favorable environment for the growth of sub-
mersed macrophytes. This process refurbishes
nutrients lost because of root uptake or diff-
usional processes and provides new substratum
potentially available for macrophyte expansion.
As demonstrated in APCRP investigations
conducted both on Eau Galle Reservoir and
the Potomac River (see articles by James and
Barko, past APCRP Proceedings), macrophyte
communities themselves can significantly influ-
ence both the rate and nature of sedimentation.

Convective Hydraulic Circulation

On a daily basis, shallow nearshore regions
of aquatic systems typically heat and cool
more rapidly than deep open-water regions,
primarily because of differences in mixed vol-
ume (James and Barko 1994; Schneider1994).
The presence of submersed macrophytes in
shallow regions contributes to the development
of thermal gradients in both the vertical and
lateral planes, since foliage near the water
surface converts solar irradiance to heat.
Thermal gradients give rise to density gradients
that promote hydraulic circulation.

Implications of hydraulic circulation driven

by convection are potentially far-reaching,
since dissolved constituents can be moved
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with water. Dissolved constituents may in-
clude nutrients, contaminants, or herbicides.
In the case of nutrients, hydraulic transport
from the littoral zone can contribute signi-
ficantly to pelagic nutrient budgets. With
herbicides, information on the periodicity of
hydraulic transport can be of enormous value
in maximizing both the efficiency and effec-
tiveness of treatment applications (see articles
in Chemical Control Technology section, this
volume).

In Eau Galle Reservoir in Wisconsin and
Guntersville Reservoir in Alabama, dye studies
have been conducted for several years in com-
bination with close-interval thermal monitoring
in an attempt to evaluate the seasonal dynamics
of convective circulation. Because of the
eutrophic nature of these impoundments,
studies have focused primarily on phosphorus
transport. However, the results obtained from
these reservoir studies apply to all dissolved
constituents. These results indicate the poten-
tial significance of shallow water macrophyte
beds in affecting chemical budgets in aquatic
systems.

Macrophyte Invasions
and Declines

Declines of submersed aquatic macrophyte
communities, involving a variety of different
species, have been reported worldwide. For
example, Vallisneria americana declined
rather abruptly in several pools of the Upper
Mississippi River following a prolonged pe-
riod of drought in the late 1980s . Notably,
this particular decline was paralleled by de-
clines of other species in other major river
systems of the United States. The contempo-
raneous nature of these declines suggests pos-
sible climatic effects, perhaps involving
reproductive failure. However, the exact rea-
sons for submersed aquatic macrophyte de-
clines following the drought remain unknown.
Factors proposed as contributing to declines
are many: reduced irradiance at leaf surfaces,
nutrient depletion, parasites and pathogens,
toxin accumulation, damage by fish, insect
herbivory, climatic fluctuations, competition,
and others.
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Invasions by exotic species have been asso-
ciated with declines of native species. Thus,
invasions and declines may in some cases be
interconnected events. In general, factors con-
tributing to invasion success are essentially
unknown. However, in some instances inva-
sions appear to be linked with environmental
disturbances. Although the factors or suites
of factors (biotic or abiotic) that actually con-
trol submersed aquatic macrophyte invasions
or declines are not clear, many opinions have
been forwarded. Through efforts in the
APCRP, these opinions have been documented
recently for North America and are currently
the subject of detailed regional investigations.
Studies have been initiated to better identify
environmental factors associated with natu-
rally occurring invasions and declines and to
evaluate the potential for manipulating natu-
ral processes to either minimize invasion suc-
cess or hasten natural declines (Smith 1994).
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Interrelationships Between Sediment Composition
and Water Quality Conditions Affecting the
Reestablishment of Vallisneria

Sara J. Rogers' and John W. Barko®

Introduction

The Upper Mississippi River, with its ex-
tensive shallow backwaters, side channels,
and lake-like impoundments, supports several
species of submersed aquatic macrophytes.
However, declines in this important resource,
notably Vallisneria americana Michaux, oc-
curred in Lake Onalaska (Pool 7) and other
portions of the river between 1988 and 1991.
Although evidence is generally lacking to ex-
plain the factors involved in the declines, a
3-year drought occurred during the same time
period. This concomitant dry spell was char-
acterized by near record-low rainfalls that
caused unusually low water levels (Riebsame,
Changnon, and Karl 1991). Consequently,
drought-related conditions have been suspected
as leading factors influencing the declines.

Although the drought ended in 1989,
Vallisneria has not returned to its former
abundance in Lake Onalaska. Because of the
ecological importance of Vallisneria in this
portion of the river (Korschgen and Green
1988), the potential for this species to become
reestablished needs to be evaluated.

In an effort to determine if Vallisneria
could grow in areas where it had previously
declined, we planted tubers of Vallisneria
americana into selected areas of Lake
Onalaska in 1992. The study was designed
in close association with a greenhouse study
designed to specifically evaluate whether
water quality and sediments in Lake Onalaska

SN
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would support Vallisneria reestablishment
(McFarland and Barko 1993). Conclusions
from the field study are presented in this article.

Study Location

The study was conducted in Lake Onalaska
(Pool 7) of the Upper Mississippi River Sys-
tem (UMRS) (Figure 1). The 2,835-ha lake is
shallow (mean depth = 1.3 m) and has sup-
ported aquatic vegetation since it was formed
by impoundment in 1937 (Green 1960).
Vallisneria was reported to be common by
1960 (Green 1960), and at its peak in the mid-
1980s, this species dominated the >1,200 ha
of submersed vegetation within the lake.? Fol-
lowing the drought in 1989, however, <121 ha
of submersed vegetation were estimated to
remain.*

Methods

Two sites were selected in regions of the
lake where Vallisneria had occurred previously
(Figure 1). Site 1 (protected), located in the
southeastern corner of the lake, was protected
from prevailing summer winds by nearby
south and southwest shorelines. Site 2 (unpro-
tected) was located in the west-central portion
of the lake >700 m from islands on the west
side of the lake and >3,000 m from the north
or south shorelines. Surficial sediments at
Site 1 consisted of predominately fine-textured
materials and at Site 2, mostly sand (see
McFarland and Barko (1993) for sediment
data). Depths at both sites averaged 1 m.

U.S. Fish and Wildlife Service, Environmental Management Technical Center, Onalaska, WI.
U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS.

Unpublished Manuscript, C. Korschgen et al., Northern Prairie Research Center, La Crosse, WI.
Personal Communication, 1989, C. Korschgen, Northern Prairie Research Center, La Crosse, WI.
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Locatica of Lake Onalaska

Wisconsin

Figure 1. Location of transplant sites in Lake Onalaska, 1992
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Vallisneria tubers were collected from Pool
4 of the UMRS during mid-April of 1992. A
water-pumped dredge was used to dislodge
the overwintering tubers. Tubers were stored
at approximately 4 °C until planting. In early
May, the tubers were planted about 5 cm deep
by a scuba diver in eight 1-m? plots selected
randomly at each site. Each plot was deline-
ated by a frame placed on the sediment surface
and anchored with attached legs. A 1-m?
planting grid divided the plots into thirty-six
15- by 15-cm cells. Two tubers were planted
per cell in the sediment using the grid as a
temporary guide.

Surface water temperature and Secchi
depth were determined approximately
weekly. Light attenuation was determined at
10-cm intervals through the water column by
simultaneous measurement of underwater pho-
tosynthetically active radiation with LI-COR
quantum sensors (LI-COR, Inc., Lincoln, NE).
Measurements were based on an average of
five readings. Attenuation coefficients were
calculated using the Lambert-Beer equation:

-kz
I=1e
where
I, = average light intensity at a given depth

I, = average irradiance at depth z 0.15 m
below

—
1l

vertical attenuation coefficient (m'l).

The 10-percent light depth (Z,,) was calcu-
lated from the attenuation coefficient (Z,, =
2.3/k).

Depth-integrated samples of the water col-
umn were collected weekly for seston and
chlorophyll-a determinations. Water collected
with a polyvinyl chloride pipe lowered verti-
cally through the water column was mixed in
a bucket and subsampled for analyses. Sam-
ples for chlorophyll-a were filtered using
glass-fiber filters (type A/E 47-mm diam).
Chlorophyll-a and phaeophytin concentra-
tions were determined spectrophotometrically
following acetone extraction (APHA et al.
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1985). Samples for seston concentrations
were vacuum-filtered through tared 47-mm
glass-fiber filters, dried at 105 °C, and re-
weighed to obtain total seston mass. Organic
fractions of seston mass were determined fol-
lowing combustion at 550 °C in a muffle fur-
nace for 24 hr using a modification of
procedures of Allen et al. (1974).

Vallisneria was harvested by hand cutting
at the sediment surface in mid-August from
four randomly selected plots at each site. The
plants were rinsed of loose epiphytic materi-
als, measured for morphological characteris-
tics, and then oven-dried (80 °C) to a constant
mass. Plant growth was evaluated through
determinations of oven-dry biomass, leaf
lengths, number of rosettes, and the number of
flowers per plot. Leaf length measurements in-
cluded average leaf length and maximum leaf
length per plot.

Data were analyzed using the Statistical
Analysis System (Raleigh, NC). Nonpara-
metric (Wilcoxon Rank Sum) tests were used
for comparison of plant growth and water
quality data between the two sites. Statistical
significance is reported at the S-percent
probability level.

Results
Water quality

Seasonal means for attenuation coefficients
were not significantly different between the
two sites over the entire period, averaging 3.5
at Site 1 and 3.1 at Site 2. However, for most
of June and July, attenuation coefficients
were significantly lower, and 10-percent light
depths were deeper at Site 1 (Figure 2). Chlo-
rophyll-a and seston concentrations were sim-
ilar at both sites throughout the season except
for the month of June, when concentrations at
Site 2 were frequently higher, reflecting onset
of phytoplankton blooms within the main body
of the lake (Figure 3). Additionally, seston
concentrations were higher at Site 2 when
strong winds (>15 mph) were blowing from the
west or northwest. Seston and chlorophyll-a
concentrations at Site 2 and chlorophyll-a
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Figure 2. Mean light attenuation coefficients and 10-percent depth of light penetration
at Site 1 and Site 2, Lake Onalaska, 1992 (Site 1 —— Site 2 — — =)
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concentrations at Site 1 were positively corre-
lated with light attenuation coefficients and
negatively correlated with 10-percent light
depths (Table 1).

Table 1

Pearson Correlations Among Light
Measurements, Chlorophyll-a, and Seston
at Sites 1 and 2, Lake Onalaska, 1992

Ecology of Aquatic Plants

Table 2

Morphological Measurements of Vallis-
nerla americana Michaux Plants from
Transplant Sites in Lake Onalaska, 1992

Growth Characteristics Site 1 Slte 2
Aboveground biomass, g 88.2 (16.7) [123.4 (7.7)
Number of plants >20cm | 177.2 (26.1) | 199.7 (18.3)

Number of plants <20 cm 10.7 (3.1) 7.0 (2.7)

Average leaf length, cm 96.0 (2.8) | 98.0 (8.5)
Light Chlorophyll-a Seston Maximum leaf length, cm [121.5 (1.1) |154.0 (10.4)
Measurement Site1 |Site2 |Site1 |Site 2 Number of male flowers 64.0 (17.0) | 59.2 (3.1)
Attenuation 0.672 0.594 |n.s. 0.755 Number of famale flowers 66.5 (9.1) | 50.5 (11.3)
g o (0.016) | (0-041) S Note: Means are given with standard errors in
10% light depth -0.622 |-0.589 |ns. |[-0.760 parentheses.
(0.010) | (0.043) (0.004)

Note: Propability levels are shown in parentheses.

Secchi depths were somewhat greater at
Site 1, with a seasonal average of 53 cm com-
pared with 45 cm at Site 2 (Figure 4). Secchi
depths were negatively correlated with seston
(r=-0.661; p=0.019) and chlorophyll-a
(r =-0.623 p = 0.030) at Site 2, but were not
correlated with either of these factors at Site 1.
Temperatures ranged from 16 to 27 °C during
the study, averaging 21.7 °C at Site 1 and
20.9 °C at Site 2 (Figure 4). Seasonal means
for temperatures were not significantly differ-
ent between the two sites.

Plant growth

There was no significant difference in
aboveground biomass between the two sites,
although average biomass at Site 1 was some-
what more variable than biomass at Site 2.
No significant differences were found be-
tween the two sites in the number of plants
that reached leaf lengths >20 cm or the num-
ber of plants <20 cm. While average leaf
lengths were similar between the two sites,
leaf lengths were more variable at Site 2, rang-
ing from 80 to 121 cm compared with 89 to
103 cm at Site 1. Maximum leaf lengths of
Vallisneria were significantly different be-
tween the two sites, averaging about 26 per-
cent longer at Site 2 than at Site 1 (Table 2).

At both sites, Vallisneria plants >20 ¢m in
length outnumbered plants <20 cm long by at
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least 12 to 1. About 20 percent of the plants
>20 cm produced flowers. There was no sig-
nificant difference in the production of male
or female flowers between the sites (Table 2).

Discussion

Many factors affect the productivity of sub-
mersed macrophytes; among the most import-
ant are light, water temperature, sediment
composition, and the availability of sediment
nutrients (Barko and Smart 1986). In this
field study, the growth response of Vallisne-
ria to 1992 conditions in Lake Onalaska indi-
cates suitable temperature and sediment
conditions, adequate light, and sustained avail-
ability of inorganic nutrients during the grow-
ing season. Moreover, differences in ambient
light and sediment conditions at the two sites
did not affect most aspects of Vallisneria
growth.

The only significant difference in plant
growth between the two sites was in maximum
leaf length, which was greater at Site 2. We
suggest that greater maximum leaf length at
Site 2 was most likely a response by Vallis-
neria to differences in ambient light levels be-
tween the two sites, particularly during June
and July when 10-percent light depths were
significantly less at Site 2 than at Site 1. This
suggestion is supported by results reported
for Vallisneria in a laboratory experiment by
Barko, Hardin, and Matthews (1982). In that
investigation, shoot length of Vallisneria
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in Lake Onalaska, 1992 (Site 1 —— Site2——-)
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increased with decreasing irradiance at tem-
peratures between 20 and 32 °C. Similar mor-
phological responses have been described for
other macrophytes (Barko and Smart 1981).
Goldsborough and Kemp (1988) suggest that
even small increases in leaf lengths may yield
increases in available light, especially in turbid
systems. The ability to increase leaf length to
adjust to diminished light availability is likely
critical to the survival of Vallisneria in the
shallow, turbid waters of the UMRS. In addi-
tion, morphological adaptability would in-
crease the potential for Vallisneria to expand
its range into a variety of habitats with differ-
ing light conditions.

In an associated greenhouse study on sedi-
ments from the same field study sites,
Vallisneria growth was shown to be limited
by low N availability (McFarland and Barko
1993). These contrasting results suggest that
throughout the 1992 growing season, N may
have been provided to Vallisneria in situ
through processes such as sediment transport
and accretion. Replenishment of N via sedi-
mentation may balance sediment nutrient losses
because of diffusion or macrophyte uptake
(Barko et al. 1988). Thus, accretion of N as it
affects N availability in surficial sediments
needs to be considered in evaluating the rees-
tablishment success of Vallisneria. Accord-
ingly, we hypothesize that during periods of
drought, as in 1987-1989 for example, nutri-
ent availability to aquatic macrophytes may
be reduced by low river discharge and associ-
ated reductions in sediment (and N) transport
to backwaters of the UMRS.

Several laboratory studies have clearly in-
dicated that macrophytes can obtain N exclu-
sively from sediments (Barko and Smart
1981; Huebert and Gorham 1983). Thus, in
lacustrine systems where the concentration of
ammonium-N in sediment is usually greater
than in the water (e.g., Nichols and Keeney
1976), sediments are likely the primary source
of N for submersed aquatic macrophytes
(Barko and Smart 1986). This may also be
true in river systems; Chambers et al. (1989)
showed that in the South Saskatchewan River,
Potamogeton crispus obtained most of its

Proceedings, 28th Annual Meeting, APCRP
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nutrients through the roots. However, Barko,
Gunnison, and Carpenter (1991) suggest this
generalization may not apply to enriched
riverine systems where ammonium-N concen-
trations in the water are high.

Two other potential sources of nutrients
need to also be considered. Although we
know little about groundwater flow into Lake
Onalaska, nutrient uptake from groundwater
by roots of Vallisneria could have occurred if
groundwater nutrient concentrations were
higher than in sediment pore water. Alterna-
tively, decomposition of plant/algal remains
within the sites may have allowed for sustained
nutrient availability to Vallisneria in the field.
The extent to which these processes individu-
ally or in combination may have contributed
to the favorable growth of Vallisneria within
Lake Onalaska observed experimentally in
1992 requires further investigative attention.
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Consequences of Drought for the
Native Species Vallisneria americana
from the Upper Mississippi River

Anne Kimber!

Introduction

In recent decades, Vallisneria beds have
declined in the Yahara Lakes (Lind and
Cottam 1969), the Detroit River (Hunt 1963;
Schloesser and Manny 1990), the Chesapeake
Bay and Potomac River (Bayley et al. 1978;
Haramis and Carter 1983; Carter, Paschal,
and Bartow 1985), the Illinois River (Mills,
Starrett, and Bellrose 1966), and in the Upper
Mississippi River (Serie, Trauger, and Sharp
1983). Declines have been associated with in-
creased nutrient and sediment loads from sur-
rounding watersheds (Schloesser and Manny
1990) and competition from other submersed
macrophyte species, especially Myriophyllum
spicatum (Titus and Adams 1979).

The recent decline of Vallisneria ameri-
cana from shallow backwaters of the Upper
Mississippi River occurred after a drought
in 1988 during which record low flows, long
hydraulic residence times, high water temper-
atures (27 to 29 °C), high turbidity, low dis-
solved oxygen, and low light availability
were recorded in backwaters (NOAA 1988;
Wisconsin Department of Natural Resources,
unpublished data; Sullivan 1991). Few obser-
vations of plant beds were recorded during
the summer of 1988; however, poor light
penetration caused by algal blooms, both
planktonic and filamentous, may have been
exacerbated by long hydraulic residence
times (Sullivan 1991). In years following the
drought, light penetration has been low be-
cause of increased algal blooms and high con-
centrations of suspended sediment (Sullivan
1991). Vallisneria has been slow to reestab-
lish in areas where it formerly grew.

The loss of Vallisneria in backwaters has
resulted in increased turbidity because of
wind and navigation-generated resuspension
of unconsolidated sediment. There has been
continuing interest in restoring Vallisneria to
this system and especially to Lake Onalaska,
Pool 7. The reason for this in part is that in
recent years, up to 75 percent of the global
canvasback (Aythya vallisineria) population
has staged on Pool 7 during fall migration
(Korschgen, George, and Green 1987).

High temperature stimulates growth in
high light levels in greenhouse studies
(Barko, Hardin, and Matthews 1982; Madsen
and Adams 1989). Titus and Adams (1979)
estimated the optimum temperature for light-
saturated photosynthesis to be 32.5 °C for
Vallisneria americana. However, high water
temperatures have been implicated in seagrass
declines (Bulthuis 1987), and net photosynthe-
sis declines with increasing temperature have
been recorded for seagrasses (Bulthuis 1983a,
b; Wetzel and Penhale 1983; Marsh, Dennison,
and Alberte 1986).

This study was designed in part to examine
the effects of high temperature on respiration
and net photosynthesis of Vallisneria plants
grown in four light environments and on
high and low fertility sediments in each light
treatment. The hypothesis was that net photo-
synthesis would decline significantly with
increasing temperatures in the range of light
levels normally available to plants in the
Upper Mississippi backwaters.

I Botany Department, Iowa State University, Ames, 1A,
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Methods

Plants were grown in two concrete ponds
(16 by 31 m) at the National Biological Sur-
vey Fisheries Research Laboratory (Kimber
1994).

Vallisneria tubers were harvested 2 weeks
before planting, from Pool 4 of the Upper Mis-
sissippi River, Lake Pepin. Single tubers (1 to
1.5 g fresh weight) were planted April 26 into
5-qt plastic buckets containing 1 L of either
lake or sand-amended lake sediment. Lake
sediment (67-percent sand) was collected
from Pool 7, Lake Onalaska, WI, from a
former Vallisneria bed. The sand-amended
sediment treatment (91-percent sand) was
created by adding four parts washed builder’s
sand to one part sediment.

The experimental design was a split-plot,
with two levels of sediment type within each
of four levels of light. In three of these, black
plastic shade screen was stapled to frames to
reduce light levels at the base of a plant by
65, 78, and 93 percent. A fourth treatment
had no shade cloth. In the ponds, five buckets
of each sediment type were placed in each of
48 shade cells (24 cells in each pond), which
were arranged in rows (randomized blocks)
of four shade treatments each. Each cell (1 by
1 m) was isolated from the next by black plas-
tic side walls that extended down to approxi-
mately 20 cm from the bottom of the ponds to
allow water flow among cells and decrease
water temperature differences among light
treatments.

Two LiCor underwater quantum sensors
were installed in each pond. Two terrestrial
LiCor quantum sensors were used to measure
surface photosynthetic photon flux density
(PPFD). Sensors were connected to a LiCor
datalogger, and integrated measurements of
terrestrial and underwater PPFD were re-
corded hourly.

For photosynthesis measurements, plants
harvested were transported to Ames, IA.
Dark respiration was measured at the begin-
ning and end of each run. Light was provided
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by halogen lamps shaded with neutral density
filters (cheese cloth); light levels were estab-
lished at 10, 30, 60, 100, and 800 pmoles/m?/s
PPFD; these were calibrated for each cham-
ber with a LiCor quantum sensor. Chamber
temperature was maintained by a refrigerating/
heating water bath at temperatures ranging
from 15 to 35 °C (+ 0.5 °C). Rates were mea-
sured on three or more replicates of each of the
eight light-sediment treatment combinations.

The contributions of light, sediment, and
temperature treatment effects to respiration,
compensation point, and net photosynthesis
were determined by split-plot analysis of
variance.

Results

The mean instantaneous PPFD in each
shade treatment ranged from 210 pumoles/m?/s
in the 25-percent treatment to 72 pmoles/m?/s
in the 9-percent treatment, 45 pmoles/m?/s in
the 5-percent treatment, and 14 pmoles/m?/s
in the 2-percent treatment (Kimber 1994).
Pond water temperatures ranged from 13 °C
(30 September) to 23 °C (24 August) and
were similar to those reported for Pool 8 (Wis-
consin Department of Natural Resources
(DNR) Long-Term Resource Monitoring Pro-
gram, unpublished data for 1992).

Increasing water temperature from 15 to
35 °C increased dark respiration rates signifi-
cantly (Figure 1). Respiration rates were sig-
nificantly lower in plants grown in low light
treatments regardless of temperature. Light
compensation points (Figure 2) increased sig-
nificantly with increasing temperature and
were higher for plants grown in sand. Increas-
ing the temperature from 15 to 35 °C also af-
fected the rate of net photosynthesis, but the
magnitude and direction (positive or nega-
tive) of the effect depended upon the experi-
mental light level at which photosynthesis
was measured. At light levels (Figure 3) of
100 umoles/m?/s or less, higher water temper-
atures decreased net rates of photosynthesis
so that the highest rates of photosynthesis oc-
curred at 15 °C. Conversely, at the highest
light level measured, 800 pmoles/m?/s, the
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pattern was reversed, and net photosynthetic
rate was highest at 35 °C (Figure 4). The
crossover point where increasing temperature
appeared to increase was where net photosyn-
thesis occurred at light levels greater than
400 pumoles/m?/s. At light levels above the
compensation point, net photosynthesis was
consistently lower on a gram fresh weight
basis in plants grown on the sand-amended
sediment.

Discussion

From measurements of photosynthesis, it
appears that at low light levels, temperature
increases, especially those in late summer,
would decrease rather than increase net photo-
synthesis, and consequently decrease growth
in addition to increasing whole-plant dark
respiration. Similar late summer declines in
plant growth and net photosynthesis with in-
creasing summer temperature have been de-
scribed for seagrasses by Wetzel and Penhale
(1983), Bulthuis (1983b), and Marsh, Denni-
son, and Alberte (1986). For Vallisneria,
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temperature increases may be expected to in-
crease net photosynthesis only at high light
levels that may not occur in turbid backwaters.
Vallisneria photosynthesis is also limited by
growth form in comparison with plants which
concentrate leaves at the water surface (Titus
and Adams 1979; Goldsborough and Kemp
1988). A temperature optimum of 32.5 °C for
light-saturated photosynthesis by Vallisneria
has been reported by Titus and Adams (1979);
however, the optimum temperature for shaded
plants would be lower and dependent on the
light available for photosynthesis (Bulthuis
1983a).

Plant respiration rates increased with in-
creasing temperature in these experiments.
Respiration was also affected by light level
and sediment type especially at very high
water temperatures; plants in shaded treat-
ments had lower respiration rates as did those
grown in the lower nutrient sand sediment.
Lower respiration rates may have indicated
lower contributions of growth respiration in
slower growing plants (Hutchinson 1975).
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Figure 4. Effect of light level, temperature, and sediment type on net photosynthesis

Some species of Potamogeton can adapt to
low light levels by increasing photosynthetic
efficiency (Spence and Chrystal 1970a, b;
Hutchinson 1975).

[t appears from other measurements made
in late July and August that plant respiration
and net photosynthesis may be more sensitive
to temperature increases later in the growing
season (Kimber 1994). The decrease in net
photosynthesis because of the combined ef-
fects of high temperature and decreased light
may have resulted in lower tuber production
in the drought year.
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Influences of High Temperature on Growth and Propagule
Formation in Monoecious Hydrilla

Dwilette G. McFarland' and John W. Barko®

Introduction

Past investigations to expand understanding
of physiological ecology of submersed aquatic
vegetation have predominately examined ef-
fects of environmental factors (e.g., light, tem-
perature, sediment, and water chemistry) on
various aspects of growth. Thus far, numerous
studies of submersed macrophytes have
shown temperature to be a major factor influ-
encing production and morphological develop-
ment (Barko and Smart 1981; Barko, Hardin,
and Matthews 1982), photosynthetic rates
(Titus and Adams 1979; Barko and Smart
1981), oxygen consumption (Anderson 1969),
sexual and asexual propagule germination
(Teltscherova and Hejny 1973; Haller, Miller,
and Garrard 1976; Miller, Garrard, and Haller
1976; Steward and Van 1987), and duration of
growth cycle (Anderson 1969; Young 1974,
Grace and Tilly 1976; Barko and Smart 1981).
For many submersed macrophyte species,
high temperatures (within the range of 28 to
32 °C) promote biomass production, with ac-
companying increases in shoot number and
length (for synthesis, see Barko, Adams, and
Cleseri (1986)). Changes in species composi-
tion of submersed macrophyte communities
due to alterations in thermal regimes have
also been reported (Anderson 1969; Allen and
Gorham 1973), indicating temperature to be
important in affecting interactions among co-
existing species (Barko, Adams, and Cleseri
1986).

Interestingly, however, little research of
submersed macrophytes has addressed the
role of temperature in regulating vegetative
propagule formation. Typically, submersed
macrophytes generate vegetative propagules
of various types, e.g., regenerative fragments,

tubers, turions, stolons, rhizomes, and root
crowns, Among these, tubers and turions are
most important in facilitating population re-
growth (Weber 1973; Basiouny, Haller, and
Garrard 1978; Sastroutomo 1982). In temperate
species, production of tubers and turions usually
begins under short photoperiods of autumn
(Spencer and Anderson 1987). Van, Haller, and
Garrard (1978) found that under a 10-hr photo-
period, tuberization in dioecious hydrilla
(Hydrilla verticillata (L.f.) Royle) increased
with increased temperature to 33 °C. Weber
and Nooden (1976) found that (under short-
day conditions) turions in Myriophyllum ver-
ticillatum L. can be induced at 15 °C and
lower, but not at 20 °C. From a management
perspective, effects of temperature on pro-
pagule formation are of particular interest due
to possible impacts on the survival of sub-
mersed macrophytes from one growing sea-
son to the next. Additionally, knowledge of
how propagule initiation is affected by tem-
perature and other conditions may be valuable
in allowing timely application of control
methods or suggests more effective means of
reducing the numbers of propagules produced.

The research presented here is an extension
of previous work described in McFarland and
Barko (1987) wherein growth of monoecious
hydrilla (Hydrilla verticillata (L.f.) Royle)
was examined over a range of temperatures
from 16 to 32 °C. In the present study, we
provide further information on the growth of
this biotype, but with greater emphasis on its
tuber and turion production. The study was
specifically designed to determine how warm-
water temperatures extending into autumn
may affect production of these two propagule
types. The results are contrasted over three
growth periods (up to 16 weeks) to allow
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