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Preface
 

The 25th Annual Meeting of the US Army 
Corps of Engineers Aquatic Plant Control 
Research Program (APCRP) was held in Or
lando, FL, on 26-30 November 1990. The 
meeting is required by Engineer Regulation 
1130-2-412, paragraph 4c, and was organized 
by personnel of the APCRP, which is man
aged under the Environmental Resources 
Research and Assistance Programs (ERRAP) 
of the Environmental Laboratory (EL), US 
Army Engineer Waterways Experiment 
Station (WES), Vicksburg, MS, 

The organizational activities were carried 
out and presentations by WES personnel were 
prepared under the general supervision of 
Mr. J. L. Decell t Program Manager, ERRAP, 
EL. Mr. Robert C. Gunkel, Assistant Program 

Manager, BRRAP, was responsible for plan
ning the meeting. Dr. John Harrison was 
Chief, EL, WES. Mr. James W. Wolcott was 
Technical Monitor for the Headquarters, US 
Anny Corps of Engineers. 

Ms. Billie F. Skinner, Program Manage
ment Office, EL, was responsible for coordi
nating the necessary activities leading to 
publication. The report was edited by 
Ms. Jessica S. Ruff of the Information Tech
nology Laboratory (ITL), WES. Ms. Betty 
Watson, ITL, designed and composed the 
layout. 

Commander and Director of WES was 
COL Larry B. Fulton, EN. Technical Director 
was Dr. Robert W. Whalin. 
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Conversion Factors,
 
Non-51 to 51 Units of Measurement
 

Non-51 units of measurement used in this report can be converted to 51 units as follows: 

Multiply By To Oblaln 

acres 4,046.873 square meters 

cubic feel 0,02831685 cubic melers 

cubic yards 0.7645549 cubic meters 

feet. 0.3048 meters 

gallons (US liquid) per acre 0.00093 cubic decimeters per square meter 

inches 2.54 centimeters 

miles (US statute) 1.609347 kilometers 

pounds (mass) 0.4535924 kilograms 

pounds (mass) per acre 0.000112 kilograms per square meter 

pounds (mass) per cubic foot 16.01846 kilograms per cubic meter 

square miles 2.589998 square kilometers 

Ions (mass) per acre 0.22 kilograms per square meIer 

Ions (2,000 pounds, mass) 907.1847 kilograms 
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Introduction 

25th Annual Meeting 
US Army Corps of Engineers 

AQUATIC PLANT CONTROL
 
RESEARCH PROGRAM
 

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 Re
search and Development Program Review is 
held. This program review is attended by rep
resentatives of the Civil Works and Research 
Development Directorates of the Headquar
ters, US Army Corps of Engineers; the Pro
gram Manager, Environmental Resources 
Research and Assistance Programs 
(ERRAP); and representatives of the opera
tions elements of various 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 reponed 
to the Manager, ERRAP, US Army Engineer 

Waterways Experiment Station, each year in 
the form of periodic progress reports and a 
final technical repon. Each technical repon 
is distributed widely in order to transfer tech
nology to the technical conununity. Technol
ogy transfer to the field operations elements 
is effected through the conduct of demonstra
tion projects in various District Offtce prob
lem 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 gen
eral community. Public-oriented brochures, 
movies. 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 25th Annual Meeting held 
in Orlando, FL, on 26-30 November 1990. 
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Welccming Remarks 

Welcoming Remarks 

by
 
LTC 1. D. Kalin l
 

Let me welcome you all to the Silver Anni
versary meeting of the Aquatic Plant Control 
Research Program. It's most appropriate that 
the Jacksonville District was chosen as the 
location for this meeting, as Florida has al
ways been one of the busiest places for APC 
activities. 

The foundation for today's APC Program 
was laid during the last century when hei
nous weeds clogged Florida's waterways. 
Your forbearers grappled with waterhyacinth 
in the beautiful and busy St. Johns River in 
the 1890's. Joint efforts by the State's citi
zens and legislators, along with the Corps, 
brought about language in the 1899 Rivers 
and Harbor Act to deal with waterhyacinth 
and other nuisance aquatic plants. 

The modem Aquatic Plant Control Pro
gram was authorized in 1965, and today we 
work together with local, state, and other na
tional agencies to combat plants that impede 
navigation, interfere with recreation activi
ties, and adversely affect water quality. 

Legislation comes and goes, but it seems 
our problems with a'luatic plants will always 
be with us, at least at some level. The good 
news is that, with mechanical, biological, 
chemical, and environmental manipulation 
techniques, we are winning the battle. Re
search in herbicide use for aquatic plant con
trol in flowing-water situations has enjoyed 
enonnous success, especially in the Withla
coochee River, which you visited yesterday. 

I would like to emphasize the importance 
of biological methods to fight nuisance 
aquatic plants because, as most of you know, 

the Corps of Engineers is moving into the 
forefront of working to protect and preserve 
the environment while we accomplish our 
many missions. 

The APC Program is a leader in this man
date. As you forge ahead in researching new 
teciuliques for managing aquatic plants, a 
new foundation is laid for environmentally 
sound solutions to man's challenges in the 
21st century. 

Due in part to chemical and biological 
methods, waterhyacinth in Florida is at its 
lowest level this century. The waterlettuce 
weevil is doing a splendid job, as is the al
ligatorweed flea beetle. 

Throughout the years, my District has 
funded important research involving mechani
cal, chemical, and biological control technol
ogy. We are convinced that these 
investments have paid for themselves many 
times over. The Aquatic Plant Control Opera
tions Support Center is now entering its sec
ond decade of service. The Center responded 
to more than 140 contacts last fiscal year, 
and expects another busy year. 

Along with our partnership with the envi
ronment, we enjoy a wonderful partnership 
with many local, state, and national entities 
that work in concen with us in managing nui
sance aquatic plants. This relationship is cru
cial to the success of the program, and I'm 
confident it will continue to grow and flourish 
like untreated hydrilla. 

I wish you all a productive and stimulating 
meeting. 

1 Deputy District Engineer, US Army Engineer District, Jacksonville; Jacksonville, FL. 
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Significant Events, 1975-80 

A Perspective of Significant Events 
in the Aquatic Plant Control Program 

1975..1980 

H. Roger Hamilton l 

The Aquatic Plant Control Program has 
been in existence for well over a quarter of a 
century. Authority for the program is con
tained in Section 104 of the River and Harbor 
Act, approved 3 July 1958, as amended. 
The first recorded annual meeting on this 
topic occurred in Athens, Georgia, on 
27 October 1965. That was 10 years before I 
was appointed as Technical Monitor for the 
program. 

Since my term as Technical Monitor for 
this program is the first one to be addressed 
today, pennit me to set the stage by telling 
you what I know of the first decade of the 
program, how I became involved in it, and 
some history of what drove some of the early 
decisions that charted the course of the 
Aquatic Plant Control Program in the Corps 
of Engineers and led to work under way 
today. 

Since the passage of the authorizing legis
lation in 1958, the efforts of the Corps of En
gineers in controlling aquatic plant 
populations had been rather localized in na
ture. The thrust of the operational work had 
been limited to clearing and maintaining im
portant navigation channels in the southeast
ern United States. Research consisted of 
arrangements with the US Department of Ag
riculture and a few universities to identify in
sect control agents and the development of a 
laser-powered device to destroy plants. 

Major General John W. Morris was Direc
tor of Civil Works in the Office of the Chief 
of Engineers. He was not satisfied with prog
ress on three elements of his mission: 

(1) Master Plan development and review, 
(2) review of Environmental Impact State
ments for operating projects, and (3) the 
Aquatic Plant Control Program. In 1975, he 
transferred responsibility for these programs 
to the Recreation-Resources Management 
Branch (now the Natural Resources Manage
ment Branch) in the Construction-Operations 
Division (now the Operations, Construction, 
and Readiness Division) of the Civil Works 
Directorate. As Chief of the Namral Re
sources Management Section, I inherited all 
three programs. 

These additional duties were added onto 
an already full schedule, a typical situation. 
My plan was to ease into these new responsi
bilities as I was able to learn something of 
the current status of each and develop my 
goals of future expectations. Two weeks 
later I found new motivation to accelerate 
that process when General Morris summoned 
me to his office to present a status report on 
my progress in each of the programs. 
Clearly, I had been presented with the oppor
tunity to succeed or fail-another typical situ
ation. I immediately decided to succeed. 

It did not take long to discover that much 
work lay ahead to properly define the scope 
of the aquatic plant problem and fonnulate a 
strategy to elevate the visibility of the prob
lem and set in motion a plan of action. The 
first obvious item on the agenda was to deter
mine the status of the program. Contact with 
key District representatives was initiated. I 
also called for a meeting with representatives 
from the Waterways Experiment Station 
(WES). 

1 US Arrey Engineer Waterways Experiment Station, Vicksburg, MS.
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SIgnificant Events, 1975-80 

Aiter a series of meetings on the subject, I 
confirmed several facts about the program. 

•	 Operations had been confIned to spe
cific problem areas in the southeastern 
United States. Accordingly, any visi
bility for the program was regional in 
nature. 

•	 Operational efforts were primarily di
rected toward maintenance spraying of 
navigation channels and selected prob
lem areas. Resources were not ade
quate to make additional progress and, 
in years of good plant growth, mainte
nance of the high-impact areas was not 
complete. Thus, the regional visibility 
that we had was not always favorable. 

•	 Research had been modest in scope. 
The laser control device had been de
veloped, but had not proven success
ful. It was too large and cumbersome 
to maneuver into water areas where 
the problem plants thrive. Some work 
was under way to register herbicides, 
and some limited work had been done 
on biological agents. Mechanical har
vesters of assorted descriptions, with 
ranging capabilities and varying price 
tags, were in various stages of develop
ment and testing. 

•	 Annual meetings were held beginning 
in 1965, but attendance was limited to 
the few operations and research person
nel who were working on specific 
problems in the Southeast. Profes
sional interaction between the research
ers and the practitioners was limited. 

•	 Authority for planning and manage
ment activities of the program was or
ganizationally diverse among the 
Districts and Divisions. One might 
find this responsibility vested in an Op
erations, Planning, or Engineering Di
vision depending on which District or 
Division office one visited. This situa
tion was both good and bad. Commu

nications in the "stove-piped" struc
ture of the Corps of Engineers were 
difficult. On the positive side, an ex
cellent opportunity for cross-fertiliza~ 

tion of ideas and talents across 
organizational lines was presented. 

•	 Authorization authority for appropria
tions was limited to $5 million annu
ally. Actual appropriations fell well 
below that authorization level, and the 
available funds were directed almost 
exclusively to maintenance activities, 
primarily herbicide spraying in Florida 
and Louisiana. 

Based on this information and General 
Morris' instructions to "give the program na
tional recognition without becoming a na~ 

tional problem," I set upon a course to 
reorder the implementation of the Aquatic 
Plant Control Program. 

Most of the limited funds were devoted to 
maintenance spraying by in-house spray 
crews and by contract. Little was spent on re
search, and the coordination between re
search efforts and operations needs was not 
always obvious. 

I made a conscious effort to divert more 
funding to the research and development ac
tivities. This was often at the dismay of Dis
trict personnel who initially had to suffer 
some slight budget cuts. However, funding 
levels were quickly elevated to accommodate 
maintenance work and enhance the research 
level. I was convinced that long-term solu
tions to a problem of this magnitude could 
only come from a well-orchestrated research 
and development program designed to pro
vide a better understanding of the problem sit
uation and explore all potential solutions. 

Conversations with representatives of the 
WES revealed that work had been under way, 
primarily by the US Fish and Wildlife Ser
vice, to develop the capability to produce a 
monosexual population of a rather controver
sial fish that was known to feed on aquatic 
plants. The white arnur or grass carp 
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(Ctenopharengodon idella) was believed to 
be a viable biological control agent. How
ever, it had not been tested because many bi
ologists and sponsmen feared that release of 
the fish into American waters would result in 
the destruction of habitat for game and for
age species, in much the same way the re
lease of German carp had done several years 
earlier. Indeed, 22 states had laws forbidding 
the possession of this species. 

The ability to produce a sterile population 
would facilitate such a test. Added safety 
precautions were present in the configuration 
and natural security of the test site. Lake 
Conway, located just outside Orlando, FL, 
was selected as the test site for a 5-year 
Large-Scale Operations Management Test. 

Lake Conway was essentially a closed sys
tem, with outlets that were easily blocked to 
prevent fish escapes. It contained a large 
hydrilla population and was geographically 
located to optimize the visibility of the field 
test. We were gambling that the test would 
be successful in terms of producing answers, 
either positive or negative, regarding the util
ity of the grass carp as a biocontrol agent. 
The success would lie in the professional and 
scientific approach to the field test, more 
than in the answers that resulted. 

This was the first such large-scale demon
stration, and it was used effectively to test 
the efficacy of this biocontrol agent under 
conditions designed to prevent the release of 
the fish into American waters. It also served 
as an excellent vehicle to elevate and expand 
the visibility of the Aquatic Plant Control 
Program in positive terms and to build credi
bility, both inside and outside the agency, for 
our administration of the program. 

The large-scale test was jointly sponsored 
by Jacksonville District and the WES. This 
arrangement worked quite satisfactorily and, 
although all of the players might not have re
alized it, set the stage for a similar field test 
for control of waterhyacinths in Louisiana, 
which was cooperatively managed by WES 
and the New Orleans District. 

51g ni ticanl Events, 1975-80 

Other dynamics of organizational evolu
tion were also at work. The establishment of 
the Aquatic Plant Control Operations Support 
Center in the Jacksonville District was a di
rect outgrowth. Planning for the Center 
began in my term and was implemented after 
my departure. Emphasis was placed on iden
tification of personnel in field offlCes who 
possessed the educational background and ex
perience, along with the desire to make the 
program successful. Efforts were then made 
to get these key people assigned to the pro
gram. They formed the nucleus of the profes
sional staff to implement field planning and 
operations functions and to advise the re
search community of problems to be re
searched and the applicability of research 
results to field situations. Organizational 
lines are still crossed, but in a very positive 
manner with better products as a result. To 
some extent, I feel the Aquatic Plant Control 
Program has been a catalyst for positive 
change in this regard. 

The annual meetings were formalized and 
structured to serve as a forum for interaction 
among researchers and practitioners; among 
Corps personnel and other Federal and non
Federal representatives, universitYpersonnel, 
and the private sector; among planners and 
managers; and among representatives of any 
sector that has an interest in managing popu
lations of problem aquatic plants. 

Guidance to Corps field offices was pre
pared and distributed in the form of ER 1130
2-412, Aquatic Plant Control Program. This 
Engineer Regulation described the program 
objectives and criteria and procedures for 
recommending work in the program. Addi
tionally, the policy guidance established the 
requirement for an annual meeting to "pro
vide for professional presentation of current 
research projects. review of current operation 
activities. and revie:w of new research propos
als." That is why we are meeting this week. 

The attendance of District and Division 
personnel at the annual meeting was author
ized by this policy guidance. This is a very 
imponant point that might go unnoticed by 
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one not familiar with the operation of govern
ment bureaucracies. Interaction among scien
tists and practitioners is essential to set and 
achieve common goals in this program. 
Travel funds and time away from the office 
for regional or national meetings are often 
difficult to obtain. Authorized participation 
through the medium of an Engineer Regula
tion, coupled with supplementary letters re
questing District reports on the status of 
operations and needs from the research com
munity, is very important to the assurance of 
participation and interaction by the right peo
ple. If we get a "disconnect" between the 
practitioner who has the problem and needs a 
solution and the scientist who has the skill to 
attack the problem and develop a solution, 
failure is often the result. 

To implement my decision to "drop the 
losers and go with the winners" as a means 
of gaining credibility and positive visibility 
for the program, we examined all ongoing 
and potential work. In summary, the follow
ing major directional changes were made. 

•	 The research on laser applications was 
terminated. Some important informa
tion had been gained, but there was no 
need to go further. The most import
ant thing we had learned was that, in 
its configuration at that time, the ma
chine was not effective for aquatic 
plant control. 

•	 Several mechanical harvesters were 
developed and tested, mostly at the ex
pense of the developer from the pri
vate sector. Some showed promise; 
several did not. Some major logistical 
problems were encountered. For exam
ple, transport of the harvested plant 
material from its growing site to a dis
posal site was time- and energy-con
suming. Disposal of the material itself 
presented problems. Travel by the har
vesters to and from and within areas 
that needed to be controlled was diffi
cult or impossible. Harvesters gener
ally lacked the ability to cover large 
areas of plant infestation as efficiently 

Hamilton 

or as effectively as other control meth~ 

ods. Some proved successful for im
plementation in limited areas. 

•	 Efforts were made to discover benefi
cial uses of harvested plants. If we 
could create a market for the plants, 
our problems would be solved. A low 
grade of paper was made. The plants 
were used as a soil supplement. They 
were incinerated to provide energy. 
Favorable results were minimal. 

•	 Chemical applications were effective, 
but primarily as a maintenance measure. 
Registration by the Environmental Pro
tection Agency limits the chemical for
mulations that can be used. 

•	 Biological controls such as insects and 
fish seemed to present the most per
plexing short-term problems, but also 
seemed to hold the most hope for long
term solutions. 

•	 We thought about management strate
gies, such as water-level manipulation, 
that might be employed. Applications 
were found in some situations, but 
they were limited. We were too early 
in the development of the program to 
thoroughly think these concepts 
through. 

•	 Efforts were started to elevate the fund
ing appropriations and authorization 
levels. 

During the review of past and ongoing 
work and the attempts at setting direction for 
the program, we were able initially to de
velop the Aquatic Plant Control Program into 
the subareas of chemical, mechanical, and bi
ological. As the program developed, the terms 
environmental manipulation and integrated 
control evolved. 

It was clear that a better understanding 
of the ecology and physiology of problem 
plants was essential to identification and 
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development of control agents. It took a few 
years (past my tenure) to begin that type of 
research. It was also apparent that total costs 
and benefits of the control of aquatic plants 
were unknown, and techniques had not yet 
been devised to perfonn such measurements. 
We have just recently begun this work. 

During the process of getting the program 
up and running, much knowledge was gained 
about the problem plant populations and their 
impacts on water resources projects. How
ever, it seemed that for each fact learned, 
about five questions emerged. The questions 
were increasing geometrically, and the an
swers were increasing only arithmetically
in fractions. 

This has been a very quick overview of 
some of the highlights of the program during 
a 5-year period. In summary, even though 

Slgnlflcan t Events. 1975·80 

the program had been authorized and in oper
ation as much as 17 years before I became in
volved, a new direction was charted and 
implementation began during the period 1975 
to 1980. National visibility was achieved. 
The program did not become a national prob
lem, but problems of aquatic plant infestation 
were discovered in several locations through
out the Nation. A new direction for the pro
gram was set in motion toward some realistic 
and achievable goals. Those that followed 
me have been very successful in steering the 
program in a manner to improve management 
of problem actuatic plant populations in our 
Nation's waterways. To them go any credit 
for the success of this program to date. 

It has been said that success is ajouroey, 
not a destination. It was my privilege to par
ticipate in a small portion of that journey. 
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Signlflcant Events. 1980-82 

Summary of Involvement as Technical Monitor 
of the Aquatic Plant Control Research Program 

1980..1982 

by
 

Dwlghr L. Quarles l
 

I was really thrilled to get the invitation to aquarius signifies the water bearer or water 
come to this meeting. I look forward to see carrier. When I became tech monitor, the age 
ing all the people I got to know when I was of water hauling (also known as mechanical 
involved with the program. Although excited harvesting program) was by far the largest 
about the invitation, I was sort of concerned part of the program. Because of the high 
as to just what someone who has been out of water content of the plants harvested, we re
the program for eight years could tell a group ally did move a lot of water around in this 
such as this. My experience has been that program. We also learned a tremendous 
after being out of the program for a while amount about the harvesting and disposal of 
what I remember about it is sort of an assort problem aquatic plants. 
ment of somewhat surrealistic recollections 
of some events which occurred on my In the mechanical program we had per
watch. I'll share some of them with you. formed somewhat like a "vegamatic" in that 

we had: 
I'm sure you have all heard by now about 

the "dyslexic agnostic" who developed in sliced it throttled it 
somnia and laid awake at night pondering the diced it trashed it 
question: "is there really a dog?" I must con hauled it mashed it 
fess that I came in to the program as some mauled it thrased it 
what of a "dyslexic agnostic" (agnostic in stowed it skewed it 
that I wasn't sure if I believed in it, and dys towed it dreaded it 
lexic because it took me a long time to figure hedged it bred it 
out how to look at it). I left a true believer. I dredged it and 
think I learned a lot about the program itself modeled it chopped it 
and more broadly about the Corps and its 

but by no means stopped it. And Lewis Decelloverall management of resources to accom

plish work. said: "Send money."
 

I became involved in fiscal year 1981 So like Lucrecia Borgia and her family, 
after Roger Hamilton rode off to Fon Wonh we decided to resort to poison. This was 
to work in the environmental planning area. known as the chemical control work units. 
Roger left me some phone numbers at WES. Here we had Roundups and Rodeos, sprays, 
One day I finally called one of them, and a emulsions, inverts, and pellets. We applied 
voice on the other end (later identified as by land, sea, and air. We used power boats 
Lewis Decell) said: "Send money." and air boats. We used fixed-wing and 

rotary-wing aircraft. We treated lanes, areas, 
When I started as tech monitor, the age of floating species, and submersed species. We 

Aquarius was really in full swing. All you as~ obtained temporary registrations for at 
trology buffs know that the zodiac sign least one herbicide. (All I can say about the 

1 US Army Engineer District, Fort Worth; Port Worth, TX. 
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ternpOTary regis tration process is, don't get 
into it unless you are interested in self
flagellation.) 

We just drove those little growth hor
mones crazy, and those little hormones con
tinued to prompt growth. And Lewis Decell 
said: "Send money." 

So we decided to feed the fish and the flea 
beetles and other organisms. This effort was 
called the biological control work units. We 
tried the white amur, moths, beetles, and 
fungi. And we probably tried critters I've 
long since forgotten. We participated in the 
US Patent process. We enjoyed our share of 
success and failures. 

We learned that biological techniques can 
be political lightning rods, "Bass fishermen 
just love hydrilla and they sure don't trust 
any weed-eating fish or the people proposing 
to use such critters." But the spread went on, 
and Lewis Decell said: "Send money." 

At about this point someone asked "what 
the heck makes these critters grow anyway" 
or, more importantly, just what would limit 
their growth? So we looked at physical re
quirements, biological needs, synergistic phe
nomena, man's contri bu tions (fisherman 
spread, and aquarium industry effects), and 
at the effects of controlling one species on 
the growth of other species. Some of us won
dered if allelopathic responses offered 
any promise. Somewhere along here, I went 
over the wall, escaped from OCE, and fol
lowed Roger Hamilton's tracks to Fort 
Worth. And Lewis Decell said: "Send 
money." 

My most vivid recollections about the pro
gram are these four things: the most severe 
problem, the biggest change to the program 
structure, the best reaction to a request for as
sistance, and what I contributed. 

•	 Most severe problem: the fiscal year 
1982 budget, when the Reagan Admin
istration imposed a $1.5 million cut on 
what was then a less than $5 million 

dollar-program. We all learned a great 
deal about sharing by the time that 
year was over. It was right about here 
that Lewis Decell, and every other 
manager involved in the program really 
yelled: "Send money." 

•	 Biggest change to program structure: 
establishment of the Aquatic Plant 
Control Support Center in the Jackson
ville District. This provided an opera
tionally orientated way of sharing 
expertise among Districts with newly 
emerging aquatic challenges. It offered 
the Corps an additional way of getting 
new ways of doing things to the field 
offices, which were confronting prob
lems that were new to them. 

•	 Best response to a request for help: 
the 1982 Large-Scale Operational Man· 
agement Test for waterhyacinth con
trol in the Sacramento River put on by 
the combined efforts of WES, the 
Aquatic Plant Control Support Center, 
the South Pacific Division and the Sac
ramento District, and the State of Cali
fornia. I believe that was one of our 
best demonstrations of existing and 
emerging technology in support of our 
non-Federal partners that has been 
done to date. It was done in an ex
tremely condensed time frame and re
ally got technology to the field 
rapidly, while gaining considerable 
support for the program. This was a 
great "partnering" effort, although we 
didn't use that catchword at the time. 

•	 Best contribution I made: If I made a 
contribution to the program it was that 
I finally really listened to Lewis Decell, 
and to many o(our folks in various 
Districts, when they all said: "Send 
money." We did some preliminary 
work with the staffs of Senator Chiles 
of Florida and Senator Stafford of 
Vennont to address their considerable 
interest in raising the statutory dollar 
limit on the overall program from 
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$5 million to $10 million. That 
change did occur in July 1983, shortly 
after I had departed for Fort Worth. 

Now that I'm in Fort Worth I've learned 
to view events more and more from the 
field's perspective (although our folks at our 

lake projects constantly remind us that the 
District Office really isn't the field). So 
now I join Lewis DeceI1 and all our field ele
ments when they implore the chief's office 
and OMB to recognize their requirements for 
mission perfonnance. In closing, I'll 
leave you with one thought: "Send money." 
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Significant Events
 
Aquatic Plant Control Research Program
 

August 1983-June 1989
 

by 
E. Carl Brown! 

Introduction	 limit was again raised by the Water Resources 
Development Act of 1986, to $12 million. 
The authority to obtain more than $5 million As requested by Lewis Decell, I will pro
annually for the program relieved the funding vide my perspective of the events and accom
competition between the program elements.plishments in the Aquatic Plant Control 

Program during my tenn as Technical Moni
The cost-share requirements for the tor, from August 1983 to June 1989. My gen

Aquatic Plant Control Program set out in theeral topics will be changes in policy and law, 
Water Resources Development Act of 1986program focus, and accomplishments. 
(WRDA 86) and the implementation policy 
that followed caused some waves that haveThe presentations by the speakers preced
not yet calmed. WRDA 86 changed the costing me have shown that the Aquatic Plant 
share for control operations from 70 percentControl Program, as with any good program, 
Federal/30 percent non-Federal to 50 percenthas continually evolved during the several 

years it has been in existence. The period I Federal/50 percent non-Federal. Section 104 
of the River and Harbor Act of 1962 (PL 87will be talking about was no different. It was 

a time of growth and changes in the program. 874) had provided that costS for planning for 
aquatic plant control would be borne fully by Some of those changes we made happen; 

some were thrust upon us. the United States. WRDA 86 requires that 
all planning beyond the reconnaissance level 
shall be 50 percent Federal/50 percent non

Policy and Law Federal. WRDA 86 also imposed a require~ 

ment for a Local Cooperation Agreement to 
In the area of policy and law, there was cover planning, and a different Local Cooper

"good news and bad news." First, some of ation Agreement to cover control operations. 
the good news. Section 104 of the River and In addition, the implementation policy re
Harbor Act of 1958, as amended, set a $5 mil quires that the work plan in the Local Cooper
lion limit on annual appropriations for the ation Agreement for control operations must 
Aquatic Plant Control Program. By the early be renewed each year. As many of you 
1980's, the program had grown to the extent know, these changes were not received well 
that $5 million failed to cover the needs of by our State aquatic plant control program 
planning, control operations, and research. sponsors-especially those who have worked 
Because of this, some friction had developed so diligently with us for many years. In spite 
between the planning, control operations, and of all these rough spots, the dedication and 
research proponents in regard to funding perseverance of our field people and our 
priorities. Fortunately, the Supplemental Ap State sponsors held the program together, al
propriations Act of 1983 raised the annual though we know they carry some scars from 
appropriations limit to $10 million. The this period in the program evolution. 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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Program Focus 

By 1984, two things had happened. First, 
we were seeing more and more support voiced 
for the positive value of aquatic plants in the 
ecosystem. Second, I felt secure enough in my 
knowledge of the program to start promoting 
my ideas for program focus. So I made a 
strong pitch for moving toward a comprehen
sive program of aquatic plant management, 
rather than just aquatic plant control. We 
made good progress with this program focus 
between 1983 and 1989. 

As a companion item to the comprehen
sive management philosophy, I pushed hard 
for strengthening the biological and ecologi
cal research work units, There was no ques
tion that the chemical, mechanical, and 
physical research elements were (and are) im
portant, but I perceived that we were lacking 
in knowledge of life requirements of plants 
that may help identify new and innovative 
pathways to cost-effective control and man
agement. There was some backlash from this 
effon. Apparently, my enthusiastic support 
for biological and ecological research made 
researchers in the chemical, physical, and me
chanical areas feel left out. 

This "left-out feeling" manifested itself in 
a presentation by a researcher from the Wa
terways Experiment Station at one of OUI an
nual program reviews, In that presentation, 
the researcher compared the Aquatic Plant 
Research Program to the plot in the Wizard 
of Oz. I never quite figured out whether my 
role in that comparison was the phony wiz
ard, the wicked witch, or the scarecrow with 
no brain. Considering the options, I decided 
not to ask. 

Researchers, please understand that I do 
recognize the importance of all facets of the 
Aquatic Plant Control Research Program. 
Clearly, effective management and control of 
aquatic plants is going to require wise use 
and integration of all the tools available-bio
logical, ecological, chemical, physical, and 
mechanical. 

Brown 

Accomplishments 

From August 1983 to June 1989, we were 
able to 

a.	 Strengthen the ties between research 
products and operations and planning 
needs. 

b.	 Reinforce the concept of aquatic 
plant management rather than just 
aquatic plant control. 

c.	 Strengthen and expand the functions 
of the Aquatic Plant Control Opera
tions Support Center. I commend 
Bill Zanau and Pete Milam for their 
successful efforts in this regard. 

d.	 Establish an Operations/Planning 
breakout session at our annual pro
gram reviews to provide a forum for 
information exchange on successes 
and problems in planning and control 
operati ons. 

e.	 Sustain cooperation with the chemi
cal industry in testing and adapting 
chemical control agents for use on 
aquatic plants. 

f.	 Improve some chemical control for
mulations, 

g.	 Release personal computer-based 
simulation models (expert systems) 
for mechanical control operations and 
white amur stocking rates. 

h.	 Release fOUI insect control agents. 

1.	 Field test successful combinations of 
fungus and bacteria for Eurasian mil
foil control. 

Conclusion 

The period between August 1983 and June 
1989 was productive. There were some anx
ious moments, but the program survived. It 
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survived because of the tenacity, professional
ism, and teamwork of our sponsors, our Corps 
field people, the Corps and contract research
ers, and cooperating industry representatives. 

My thanks to Lewis Decell for his guid
ance and help while I was Technical Monitor. 
Lewis is a good manager. Working with him 
was and is interesting. You always know 
where you stand with Lewis. He will tell you 
if he doesn't agree with you, which in my 
case seems to be most of the timel 

Sig nifleant Events, 1983-89 

My thanks also to Darrell Lewis, Bill 
Rushing, and Jess Pfeiffer of HQUSACE for 
their help and support. Finally, my thanks to 
the Corps District and Division people. the re
searchers, and sponsors who supported and 
administered the program during my watch. 
It was a pleasure working with you. Keep up 
the good work. You are the best at what you 
dol 
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Significant Events
 
Aquatic Plant Control Research Program
 

1989-Present
 

by 

J. W. Wolcou l 

Now-for the "new person on the block." 
I started working with the Aquatic Plant Con
trol Program in 1989, after Carl Brown left 
Headquarters for the Waterways Experiment 
Station. Let me say this: Carl Brown is a 
tough act to follow. 

The 1989 program review in Huntsville was 
my first. It was an extremely stimulating 
event, especially when the tornado struck I 
What is the current hurricane status here in 
Florida? 

I am honored to be part of the 25th meeting, 
and am especially glad that Darrell Lewis, 
Chief of the Natural Resources Management 
Branch in Headquarters, is here. Darrell is 
a srrong supporter of the Aquatic Plant Con
trol Program and will be here for the entire 
meeting. 

Lewis Decell asked me to speak on my ex
periences since joining the program less than 
2 years ago. My number one experience has 
been the development of an appreciation for 
your accomplishments. The Corps is the 
recognized leader in aquatic plant control 
technology development. You have accom
plished this through partnerships-with other 
Federal agencies, state and local governments, 
industry, and other private sector partners. 
The ongoing Joint Agency Plan for Aquatic 
Plant Management on Guntersville Reservoir, 
a Corps-TVA research effort, is a highly visi
ble testimonial to your partnership successes. 

Through research, technology development, 
and technology transfer, on-the-ground 
control programs have evolved from simple 

chemical applications and harvesting efforts 
to sophisticated integrated programs. The 
integrated management techniques developed 
and implemented several years ago are "ahead 
of the curve" in comparison to other vegeta
tion control programs. Your work with fish, 
insects, and pathogens is commendable. 

Reducing alligatorweed and waterhyacinth 
to maintenance levels in the United States, 
introducing biological agents for the control 
of hydril1a and milfoil, and developing tech
niques that permit chemicals to be used more 
effectively and environmentally are major 
success stories. And, we are sure there are 
more to come. Incidentally, Darrell and I 
witnessed an unprecedented level of hydrilla 
control on the nearby With lacoochee River 
yesterday. 

What is the "Vision of the Future" for 
aquatic plant management? With new and 
expanding infestations, there is no shortage 
of research needs and opportunities in the fu
ture. Our biggest challenge will be funding, 
as Congress wrestles with the Federal deficit. 
We have about $1.5 million in unfunded 
capability in the combined research and C05t
shared operations program in FY 91. In 
FY 92, we can probably expect the gap be
tween needs and funded levels to remain, or 
possibly broaden. In a constrained resource 
environment, efficiency and money manage
ment will become even more important. 

Another part of our vision is environmental 
management. Secretary of Defense Cheney 
said "This administration wants the United 
States to be the World leader in addressing 

1 Headquarters, US Army Corps of Engineers, Washington, DC. 
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environmental problems, and I want the De
partment of Defense to be the Federal leader 
in agency enviIonmental compliance and pro
tection." Mr. Stone, Secretary of the Army, 
and General Hatch, Chief of Engineers, whole
heartedly endorse this challenge. 

This challenge offers the opportunity to in
tensify the focus on biological controls and 
integrated control programs, while helping 
the beneficiaries understand and support the 
value of past successes. I expect the Deter
mining Economic Values of Aquatic Plant 
Management work unit to help in this regard. 
We also need to emphasize aquatic plant man
agement by supporting wetlands restoration 
and development, fish and wildlife restora
tion, and other environmental initiatives. 

Compliance with environmental laws and 
regulations should be a top priority in both 

Significant Events, 1989-Presenl 

research and control programs in FY 91 and 
the following years. We are developing an 
Environmental Review Guide for Operations 
(ERGO), to be distributed around the first of 
the year. This checklist will help operational 
managers determine their program strengths 
and weaknesses. 

In conclusion, aquatic plant management 
is definitely a growth business (pun intended). 
Your combined research and operational ef
fans have produced tremendous benefits for 
this nation. Nowadays, 25 years is a long 
time for a relationship to survive, but this 
partnership of researchers and operators, and 
of Federal, state and local governments, col
leges and universities, and the private sector, 
has strengthened as it has progressed through 
time, and it is destined to continue. Keep up 
the good work, and have a great "25th." 
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Program Manager's
 
Perspective of Significant Events
 

1975-1990
 

by 
1. L. Decell l 

This is the 25th meeting of the Aquatic continuity? Bach technology area bas main~ 

Plant Control Research Program. I have at tained this continuity in its own right. No sin
tended 18, and have been responsible for con gle technology area or research unit has more 
ducting the last 16. This panicular meeting than another, because r have always evalu
has more meaning for me than just the nature ated them on their own merit, and their abil
of the anniversary. ity to meet their respective objectives. 

As the time to write my speech drew near, I So, if funding, technology, and continuity 
began to think "What could I talk about that do not serve my purpose for this talk-then 
would be appropriate for such a significant what? As I thought, two things became clear 
meeting?" I decided that r would convey the to me. 
program's growth over the last 25 years. But 
then r thought, what would I use as a true mea First, growth was not what I wanted to 
sure of that growth? Funding is an indicator, talk about at all! What I wanted to talk about 
but money doesn't assure growth-it simply is successl Funding, continuity, technologi
allows for growth and removes one excuse for cal achievements, and even growth, are either 
lack of growth. I decided that funding was not contributing factors to, or the result of, suc
an appropriate measure of our growth. cess I The second factor is that the basis for 

the success is the people who made it pos
Next, I considered talking about the vol sible-mainly you! 

ume of technical information that has been 
produced. As I began to consider this, I was So I decided that if I talk about the peo
overwhelmed by the volume, and realized ple, and their efforts to respond to the often 
that .even at my very best, I could not do jus difficult guidance provided by management, 
tice to the quality of this technical informa I will not only convey the sense of the suc
tion by using it as a basis for characterizing cess of this program, but I will lay the credit 
the program's growth. squarely at the your doorstep where it right

fully belongs. 
I then thought of the possibility of discuss

ing the continuity of our efforts. Although So, I decided that I would talk about you 
we have remained continually alert to the and me. "You" means everyone that I have 
changing focus of interest and the varying na come in contact with during my time as man
ture of the problems addressed, we have ager of the research program. I'll stan by 
maintained a consistency in our research that talking about me fIrst. While that sounds 
has served us, and others, well. selfish, it provides me the opportunity to set 

the stage for some things I want to say to 
Not able to cover the entire program, I you. And, I also don't have to end my talk 

was then faced with the decision of which on an apologetic note, if I offend myselfl 
program element would best represent this 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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My fust involvement with the program 
was conducting a research work unit for 
Headquarters to develop a C02 laser to con
trol waterhyacinths. During this same time 
Bill Rushing was in Pueno Rico, and re
ceived funding to study some problem snails 
and their relationship to aquatic plants. 

Later, I was assigned responsibility for the 
overall program and attended a meeting in 
Washington, called by the Chief of Civil 
Works of the Corps of Engineers, that was at
tended by everyone who had-or was going 
to have-involvement in management and 
oversight of the program. Among other 
things, the Chief of Civil Works stated that 
he wanted this program to be "Nationally 
known, without becoming a National issue." 

At the time I did not appreciate what he 
meant, because I was too busy trying to deter
mine the correct spelling for waterhyacinths. 

My first commitment was to "market the 
program." With the suppon of Roger Hamil
ton, who was the new Technical Monitor, a 
reorganization at WES that provided visibil
ity, and the help of Bill Rushing, I set about 
to market the Corp's Aquatic Plant Control 
Research Program to the Nation. 

I was successful in obtaining non-research 
funds from Headquarters to conduct a public 
information program, and it remained in the 
program for 3 years. This may have been the 
only such effort in any research program in 
the Corps, before or since. I decided that we 
needed a logo to aid our visibility. Bill Rush
ing produced the fIrst program-level logo in 
the Corps. It existed until 1988, when I re
tired it when Bill went to Washington. 

After about a year, I realized that I was 
marketing the program to the wrong audi
ence. I realized that if we were to obtain the 
funding adequate to provide the opportunities 
for success, I needed to market the program 
to the Corps of Engineers-not the entire 
Nation! The market in the Corps is the Dis
tricts, the users, the people with the problems, 
those who pay the bills! 
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As part of this marketing, I requested that 
Headquarters allow the research program re
view to be an integral part of this meeting, 
and also require the operations personnel to 
attend and give presentations on their opera
tional problems. 

It was about this time that I began to real
ize that in fonning a long-range outlook, I 
was also, out of necessity, developing a philo
sophical basis for my actions. 

I adopted the notion that a worthy overall 
purpose would be to conduct everything we 
did as if our objective was to "put ourselves 
out of business." While I realized it was 
(and is) an unattainable goal, it served as an 
unaffectable basis for evaluating decisions
before implementation. 

It was also a constant reminder to me that 
if we did indeed "go out of business," it 
should be as a result of our own efforts, and 
not the result of Headquarters eliminating the 
unfit! 

I began to instill the philosophy that we 
should not be proponents of any particular 
type of control method, but could only be pro
ponents of the way in which we conduct the 
research that provides the technology for 
those control methods. 

In addition, I suggested that in recom
mending methods, each must stand on its 
own merit in the context of site specificity. 
Thus, no method should be promoted or ac
cepted on the basis of promoting the disad
vantages of a competing method. 

I adopted the view that we have two 
things to do: we advance the state of the 
knowledge, and we advance the state of the 
art. For my purpose, I defined the difference 
between the two as simply what we know, 
and how well we apply what we know. Re
search certainly advances the state of the 
knowledge, and has a stake in the subsequent 
advancement of the state of the art. But it is 
the operations elements of the Corps that are 
the key to advancing the state of the art. 
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I soon began to view the criticisms by the 
field personnel in this context, and as a re
sult, took their input in a more positive light. 
It provided me with a productive basis for 
overcoming existing sensitivities, and more 
significantly, focused my thoughts on what it 
really takes to develop and direct a true user
oriented research program. 

I realized that, like it or not, pan of my job 
was to satiate the researchers while satisfying 
the operations elements (Purvis, Joe, Bill Z.). 

Over time, I have dedicated much of my 
effort to maintaining the APCRP to satisfy the 
operational needs. the re searcher's visions, and 
Headquarters' views, without compromis ing 
these general philosophies. I hope they are 
now our philosophies. 

And now to talk about you. In doing so, I 
am going to ron the risk of naming names. 
The risk involved is not my fear of retalia
tion, but the risk of overlooking someone. I 
want you each to know that I am privileged 
be working with each of you. There are a 
representative few, however, that I want to 
mention for the record. First, the Technical 
Monitors. 

Thank you, Roger Hamilton, for the initial 
support that allowed some of the early visions 
to become realities. 

Thank you, Dwight Quarles, for the contin
uing support at a time of transition, which al
lowed us to maintain the momentum of our 
initial program, and for making the Operations 
Center a reality. 

Thank you, Carl Brown, for your tireless 
honesty and dedication to first understand 
what it was all about, and then support it to 
proceed even farther. 

Thank you, Jim Wolcott, for your patience 
and foresight to realize that it isn't broken, 
and your continued support. 

Thank you, Gerald Purvis, for making me 
realize that support can come in many forms, 
and for our long association. 

Thank you, Bill Zattau, for making the Op
erations Center the responsive reality that it 
was intended to be--advancemenr of the 
state of the art. 

Thank you, Joe Joyce, for your contribu
tions during those early years, when I learned 
about the things that I didn't want to know 
about. Thank you for sustaining. 

Thank you, John Frizzell, for my continu
ing education on the complexities of industry 
that made me realize that the Government bu
reaucracy wasn't so bad. You see, I'm now a 
part of the bureaucracy-and I feel okay. 

Thank you, Dr. Whalin and Dr. Harrison, 
for continuing to provide the rope-without 
the rope bums. 

Thank you, Bill Rushing, for being the 
"great facilitator," for allowing me the lux
ury to be creative, and to test and implement 
ideas. It is evident that the APCRP would 
not be where it is today without your contri
butions, while you were at WES. Most of 
all, thank you for remaining my friend after 
14 years of working for me. 

Thanks to the Environmental Laboratory 
Group Chiefs who have supported the pro
gram by assuring the successful completion 
of the work of their researchers. 

Last-and certainly most important-to 
the Environmental Laboratory researchers 
whose cooperative efforts make the word 
teamwork an inadequate descriptor. 

I thank you for your dedication, your 
integrity, your guidance, your arguments, and 
your confidence, which provide me with the 
basis to envision and formulate OUI future 
direction. 
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Significant Events, 1975-90 

Most of all, thank you for your patience. 
Increased funding, in itself, puts the pressure 
of responsibility to produce on responsible 
people. I have been very demanding in re
quiring results, and you have continually re
sponded. As a result of your effons in 
accepting this view, the APCRP has no equal 
in the development of nationally applicable 
technology for APe. 

Periodically, during these last 15 years, in 
spite of my best effons, I was overtaken by 

events. I want you to know that you have 
been overtaken by a major event-sllccess
and I thank each of you for your contribution. 

There are two kinds of people that are in
volved in research: those who manage what 
they do not understand (me) and those who 
understand what they do not manage (you). 

I think this is our team. And I am honored 
to be a part of it. 
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Lewisville Research Facility 

Lewisville Aquatic Ecosystem Research Facility: 
Progress Report 

by 

R. Michael Smart} 

Introduction 

The USAE Waterways Experiment Sta
tion, under an agreement with the US Anny 
Engineer District, Fort Worth, recently began 
operation of the Lewisville Aquatic Ecosys
tem Research Facility in Lewisville, TX. 
The facility consists of 55 earthen ponds and 
18 flowing water mesocosms which are sup
plied with water from Lewisville Lake, a 
Corps reservoir immediately adjacent to the 
facility. The facility is being developed and 
used by the Aquatic Plant Control Research 
'Program (APCRP) as a national center for 
conducting aquatic plant research. Research 
conducted at the facility will support each of 
the technology areas included in the APCRP. 
With the addition of this pond facility, the 
APCRP now has an intermediate-scale 
research environment that will facilitate the 
extrapolation of laboratory-derived teclmol
ogy to the solution of real-world problems. 

Facilities 

Renovation of the laboratory building, 
which was begun in fIScal year (FY) 1989, 
was continued in FY 1990, with the addition 
of an office wing containing three offices and 
a small meeting room. The two laboratories 
are being furnished and equipped based on 
immediate needs and availability of funds. 
Plans are to have the laboratory equipped for 
processing and analyzing of plant, water, sed
iment, and fish samples by the end of FY 91. 

R.enovation of the ponds is continuing at a 
pace dictated by the demand for ponds, their 
condition, and the aVallability of funds. The 

number of fully functioning ponds currently 
exceeds our estimates of APCRP demand for 
the next several years. Excess ponds will be 
made available for aquatic and wetlands 
research to WBS, other Federal and state 
agencies, and colleges and universities on a 
space-available, pay-as-you-go basis. 

One of the mesocosm facilities has been con
verted to a greenhouse containing six flowing
water, concrete raceways measuring 20 by 3 by 
2 ft deep. These mesocosms are equipped with 
flowing lake water and can be used for con
ducting flow-through studies or smaller scale 
studies to supplement larger scale work in the 
ponds. These systems have been used for 
maintaining large numbers of waterhyacinth 
plants through the winter period. 

A meteorological station has been collect
ing data for over 1 year, and several of the 
ponds have been equipped with data loggers 
and environmental monitoring equipment for 
obtaining continuous records of environmen
tal conditions in the ponds. Facility person
nel are also collecting water quality data (pH, 
dissolved oxygen, conductivity, and tempera
ture) weekly. All of these data are available 
in digital form to researchers using the ponds. 

Personnel 

The full-time staff now includes three sci
entists, three graduate contract students, and 
one undergraduate contract student. Dr. Gary 
Dick is working with us through an inter
governmental personnel act agreement with 
the University of Southern Mississippi. Gary 
is managing the ponds and the physical 

us Army Engineer Waterways Experimenl Station, Lewisville Aquatic Ecosystem Research Facility, 
Lewisville, TX. 
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facilities. Dr. John Madsen is working with 
us through a delivery contract with ASci Cor
poration. John is an aquatic plant ecologist 
conducting research on the phenology of 
aquatic plants, primarily waterhyacinth. The 
author has relocated from WES in Vicksburg, 
MS, to the Lewisville facility to direct the ex
panding research acti vities there and to con
duct research on competitive interactions 
among introduced and native species of sub
mersed aquatic plants. 

Research Activities 

The facility is currently supporting re
search in most of the technology areas of the 
APCRP. Biological control is represented by 
a field test of a commercial formulation 
(mycoherbicide) of a microbial pathogen, 
Mycoleptodiscus terrestris, developed by 
EcoScience in cooperation with WES re
searchers. Ecological technology is being de
veloped in studies of the effects of Hydril/a 
populations on fish production and in studies 
of competitive interactions among native, 
nonweedy species and introduced, weedy spe
cies of submersed aquatic plants. Applications 
technology is being developed in studies of 
the efficacy and environmental effects of 
benthic barrier application for control of sub
mersed aquatic plants and in studies of the 
phenology of waterhyacinth. Simulation 
technology is being developed by a coopera
tive expansion of the study of waterhyacinth 

Lewisville Research FaciUty 

phenology to include aspects of production 
biology and ecology which are needed for 
validation and improvement of an operational 
model incorporating a waterhyacinth growth 
simulation module. Chemical control tech
nology will benefit from studies currently 
being planned for conduct at the Lewisville 
facility. These studies will likely include 
field tests of efficacy and environmental ef
fects of chemical controls as well as methods 
for using existing chemical controls to 
achieve species-selective control. 

Since the available facilities at Lewisville 
exceed the current research needs of the 
APCRP, unused ponds will be made available 
for other aquatic and wetland research efforts. 
The ability to completely control the hydrol
ogy of the ponds makes them ideally suited 
for a variety of aquatic ecosystem, water qual
ity, and wetland studies. 

Information Exchange 

An information exchange bulletin describ
ing the facilities and capabilities of the 
LAERF was published. A color brochure de
scribing the facility and its intended use for 
aquatic plant and aquatic ecosystem research 
related to the mission of the Corps of Engi
neers was also produced. These items are 
available from the author or from the Manager 
of the ERRAP, WES. 
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Valuation of Economic Benefits 

Valuation of Aquatic Plant Economic Benefits 

by
 

Jim E. Henderson 1
 

Aquatic plant control programs produce 
economic benefits through increases in the 
public goods and services supported by 
aquatic plant control. The need to quantify 
economic benefits for use in planning and 
management decisionmaking is being ad
dressed by the Economic Values of Aquatic 
Plant Control Work Unit, part of the Gunters
ville Lake Joint Agency Project being con
ducted by the Tennessee Valley Authority 
(TVA), the USAE District, Nashville, and 
the Waterways Experiment Station (WES). 
The objective of this work unit is to incorpo
rate economic valuation techniques into 
aquatic plant programs. 

The total economic value of natural 
resource management programs, such as 
plant control, is the sum of the value of the 
services resulting from operation of the 
resource. Goods and services supported by 
aquatic plant control include such things as 
navigation, flood control, hydropower, and 
recreation (Figure l). The intent of eco
nomic analysis is to identify and quantify the 
benefits and costs for each of these services. 
The objective of considering economic costs 
and benefits is to provide for better decisions 
through consideration of all impacts and ben
efits and costs. Economic analysis requires 
identifying the public's perceptions of 
aquatic plants and aquatic plant problems, 
preferences for control measures, and valua
tion of different control alternatives. 

The intent of this work is to provide 
planning and operations personnel with ways 
to quantify costs of aquatic plant problems 
and the benefits from aquatic plant manage
ment, thereby providing a better basis for 
decisionmaking. 
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Figure 1. Total economu: value 

Literature Review 

Early in fiscal year 1990, a literature re
view was performed by Dr. Eric Thunberg of 
the University of Florida. The review exam
ined reports and documentation from Corps, 
state agencies, and academic interests to de
termine how economic costs and benefits 
were addressed. Overall, economics was ad
dressed in a cursory manner, if at all. Recre
ation benefits were addressed most often. 
However, some of the recreation benefits 
were addressed without good information on 
recreation use, preferences, or recreation de
mand. Many studies focused on losses in 
benefits from the authorized purposes of the 
project. That is, for a navigation project, all 
benefits from control or losses due to aquatic 
plant were considered navigation benefits 
and losses, ignoring the recreation and other 
services provided or affected by aquatic 
plants. In all cases, the benefits estimation 
procedures were not well documented. 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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Lake Guntersville 

Lake Guntersville is the study area for 
applying economic methods to aquatic plant 
management. The lake is a 70,000-acre 
impoundment on the Tennessee River in 
northeastern Alabama. Guntersville is part 
of the Tennessee River navigation system, 
supporting movement of grain and other 
agricultural products, as well as coal. 

The lower end of the reservoir is formed 
by a number of inflowing creeks which form 
extensive shallow embayments popular for 
fishing, waterskiing, and pleasure boating. 
The shallow embayments are also highly suit
able for growth of aquatic vegetation. Boat
ing access is supported by about 35 boat 
ramps, 20 marinas, and numerous other ac
cess points. The upper end of the reservoir is 
more riverine in character, with fewer devel
oped facilities and more dispersed or infor
mal use. There are over 50 subdivisions 
along the shoreline, with over 3,000 lots. 
Many of these homes have boat houses with 
direct access to the lake. 

Two studies are under way at Lake 
Guntersville-a Recreation Study and a Land 
Values Study. Beginning in February, a year
long survey will be undertaken to determine 
the impact of aquatic plants on recreation and 
recreation benefits, and to determine percep
tions of aquatic plants. The Land Values 
Study is intended to determine the relation
ship of aquatic plant infestations to the value 
of residential property. 

Recreation StUdy 

The recreation survey will interview recre
ation users at marina, ramp, campground, and 
dispersed or infonnal use areas. A separate 
residential survey will be initiated later in the 
year. The purpose of the Recreation Study 
surveys is to determine (1) perceptions of 
aquatic plants, (2) perceptions of aquatic 
plant control, and (3) valuation for recreation 
under different aquatic plant conditions. 
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Surveyors will ask recreators about their 
recreation use, including recreation activities 
and amount of use (e.g., length of stay, how 
recreation is affected by aquatic plants, and 
perceptions of aquatic plant problems and 
preferred levels of control). Two important 
questions are the following: 

How would you describe the aquatic plants' 
impact on your recreation activity today? 

A.	 A help 

B.	 Doesn't affect my activity 

C.	 Bothersome only sometimes 

D.	 Bothersome most of the time 

E.	 Don't know 

What amount of aquatic plant coverage would 
you like to see? 

A.	 As much as possible 

B.	 Somewhat more than presently exists 

C.	 The same as presently exists 

D.	 Less than presently exists but at least 
some 

E.	 No coverage; eliminate the plants 

F.	 Don't know 

Responses to these types of questions give 
an indication of perceptions of impacts on 
recreation activities and perceptions of desired 
levels of plants. Looking at these responses 
broken down by the recreation activities 
(e.g., fishermen versus pleasure boaters) 
helps detennine the differences in preferred 
amount and location of plant coverage. In 
this way, consensus and conflicts between 
user groups are identified. 

The fishing at Guntersville has received 
much publicity in spans fIShing circles, with at
tention to the benefits of aquatic plants for fish 
habitat. For this reason, a section of the ques
tionnaire elicits perceptions from fishennen 

Henderson 25 



Valuation of Economic Benefits 

about the perceived relationship of aquatic 
plants to the size and abundance of fish, pref
erences for large or small patches of aquatic 
plants, and the need for management of 
aquatic plants. 

The recreation surveys will be administered 
face-to-face at campgrounds, boat ramps, and 
other access points. At the conclusion of the 
interview, the respondent will be given a sur
vey fonn to take home and return by maiL The 
mailback survey is an Expenditure Survey and 
collects information on the trip expenditures, 
e.g" camping fees or lodging costs, for the 
trip to Guntersville. A second part of the 
Expenditure Survey collects infonnation on 
yearly expenditures for recreation, such as 
equipment, boats and fishing tackle, and in
surance. Data collected from the Expenditure 
Survey will be used to detennine the economic 
impact of recreation at Guntersville. 

The benefits and costs of public programs 
are used to evaluate the extent to which pro
grams are effective in meeting objectives, 
and in some cases whether the programs exist 
at all. Recreation sometimes has difficulty in 
competing with other project purposes because 
of the nonmarket nature of recreation experi
ences and benefits, and lack of experience 
with estimating recreation benefits. For rec
reation, economic benefits arise from people's 
willingness to pay (WTP) for recreation. 

The WTP concept is used for nonmarket 
valuation of nonmarket goods and services, 
that is, for recreation, aesthetics, and for other 
public goods and services that exist and are val
ued by people but are not traded in a market. 
This is contrasted with navigation benefits, 
where the benefit is taken as the cost savings in 
transportation costs of waterborne versus rail 
or highway transport. Similarly, for flood con
trol, benefits represent the amount of annual 
flood damages prevented. Flood control and 
navigation benefits can be readily determined 
because of the market nature of the services 
provided by navigation and the goods incorpo
rated in flood conttollosses. 

In cases such as aquatic plant control or 
other changes in natural resources, the appro
priate method of detennining benefits is the 
Contingent Valuation Method (CVM). The 
CVM method is used to elicit values for WTP 
from respondents by posing or describing a 
scenario of resource conditions and having 
the respondent state (1) their recreation use 
under those conditions and (2) their WTP for 
recreation under the conditions of that sce
nario. In the case of aquatic plant control, 
scenarios may include descriptions of aquatic 
plant coverage and distributions, fishing suc
cess, number or type of fish caught, or fre
quency of interference with boat operations 
caused by aquatic plants. 

In order for respondents to the CVM sur
vey to give reliable WTP and judgments on 
their changes in recreation use, it is critical 
that the control alternatives be presented in 
realistic terms that respondents could easily 
relate to and understand. Three acreage cov
erages could be included in the CVM scenar
ios: historical high plant coverage in 1988 of 
20,000 acres or 21 percent of the reservoir; 
current (1990) conditions of approximately 
11,000 acres; and stated goal of the Joint 
Agency Project to manage at no more than 
7,000 acres or 10 percent of the reservoir. 

In anticipation of preparing scenarios for 
the CVM survey, it was apparent that infor
mation was needed not only on potential 
acreages of plants, but also on where the 
plants would be located in the lake. In tenns 
of recreation access and recreation use, the 
distribution of plants may be of greater im
portance than absolute number of acres. To 
obtain technical guidance on how to portray 
the distributions in the CVM questionnaire, 
the Technical Advisory Panel (TAP) was 
fanned. Representatives of those disciplines 
or interests that are affected or supported by 
aquatic plants or control activities were in
cluded (water quality; fisheries; recreation; 
waterfowl, wetlands. and wildlife; and 
aquatic plant control). A TAP meeting was 
held in Huntsville, AL, on November 6-7. 
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TAP members were academic, private sec
tor, and state agency personnel (not part of the 
Joint Agency Project). Their charge was to de
velop a plant distribution map for the reservoir, 
taking into account the multiple disciplines 
that are involved. This was accomplished in a 
number of steps. Each discipline or group 
first developed a set of criteria or rationale 
for the distribution of plants in an area. The 
Water Quality and Aquatic Plant Control 
groups used criteria for not controlling or not 
wanting plants, such as near water supply in
takes and in front of shoreline development, 
public use areas, and mosquito control areas. 

Ideally, the distributions could have been 
digitized on a Geographic Information Sys
tem (GIS), greatly increasing the ease of the 
process. While this capability will be avail
able later in the project, the GIS capability is 
not currently available. (For instance, a GIS 
layer on bathymetry, or water depth, would 
have assisted the groups in determining how 
far into the river the plants would invade be
fore reaching water too deep for rooted vege
tation (about 6 meters).) However, the TAP 
groups had to use the navigation chans which 
delineate the navigation channel (15 feet). 
Having the groups mark plants on maps of the 
reservoir is clearly a rudimentary way to ac
complish the work, but was required due to the 
timing of the CVM surveys. 

Using the criteria as a guide, the groups 
marked maps of the reservoir to show plant 
distributions. The groups used three priority 
classes for the plant distributions, indicating 
the importance or desirability of having 
plants, thus accommodating the need to show 
varying acreages of plants. The marked 
maps appeared as the large areas of the high
est priority for plant distributions, encircled 
by areas of less priority. These representa
tions showed that a core amount of plants 
would grow in areas, the extent of the core 
areas determined by control efforts and natu
ral fluctuations in water levels and other 
growth determinants, e.g., nutrient input. 

The groups made presentations of the five 
distribution maps, explaining the rationales 

WES MP A-91-3, June 1991 

Valuation of Economic Benefits 

for optimal distribution. Using a dot grid 
counter to approximate acreage, the optimal 
distributions ranged hom a 7,000-acre 
minimum for the Recreation group to approxi
mately 15,000 acres (Priority I and II) for the 
Fisheries group. There was a great deal of 
overlap for the distributions, but also many 
points of conflict between groups. 

Specific recommendations or criteria of in
terest include: 

a.	 Aquatic Plant Management-No 
plants near shoreline developments, a 
l50-foot clear swath to be maintained 
in front of priority areas of shoreline 
development, public use areas, and 
mosquito control areas. 

b.	 Water Quality-One mile clear of 
plants on each side of water intakes; 
effects of wind-induced waves and 
currents during storm events require 
this level of control. Plants should 
be distributed to improve water qual
ity (specifically, plants should be left 
in areas of high nutrient input, since 
algal blooms would occur without the 
macrophytes) and to trap sediments 
and pesticides hom agricultural run~ 

off; plants should also be left near a 
paper mill and steam power plant for 
uptake of heavy metal and organic 
constituents. 

c.	 Wildlife, Waterfowl, and Wet
lands-Plants should be maintained 
in the wildlife management areas, lo
cated in the upper end of the reser
voir, and near caves. Preferred areas 
for wildlife and waterfowl are away 
from municipal, residential, or indus
trial areas; the wildlife distribution 
map had few plants on the more de
veloped lower end of the reservoir. 

d.	 Fisheries-Improvement of fishery 
by managing smaller contiguous mat 
areas; cutting nq.merous boat lanes; 
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and management for a diversity of 
fish species. 

e.	 Recreation-Maintaining access, 
preserving aesthetics, and controlling 
plants along developed shorelines, 
near boat ramps, and along residen
tial home lots. Waterskiing and plea
sure boating are primarily on the 
embayments of the lower end, but 
some vegetation should be left for 
edge effect and to benefit wildlife. 

At the conclusion of the presentations, the 
groups developed a consensus distribution map 
by identifying the conflicts between the five 
distributions. Trade-offs between groups were 
accomplished through discussions about cri
teria and rationales for controlling or not con
trolling plants in specific areas. A consensus 
distribution map was prepared, representing all 
the trade-offs between the groups. Using a dot 
grid and manually counting the consensus 
plant distribution, there was approximately 
14,000 acres of plants. The consensus distribu
tion map is being digitized at TVA for accurate 
detennination of acreage, and is being cor
rected for such things as lake areas that are too 
deep for plants or other constraints not repre
sented on the maps. 

The consensus distribution map, with pri
ority areas marked, will be used in formula
tion of the CYM scenarios. When draft 
scenarios have been prepared, they will be 
circulated to TAP members for review and 
comment so that the surveys will use plant 
distributions and acreages that are relevant 
to the lake users' use and valuation of their 
recreation experience. 

To summarize the Recreation Study, the 
onsite surveys will be used to estimate the 
existing recreation use of the lake, and to 
gather information on perceptions of aquatic 
plants and aquatic plant problems. The 
mailback Expenditure Survey, given to the 
onsile respondents, will be used to collect 
data on the trip expenditures for recreation 
users of Guntersville Lake and the annual 
expenditures for equipment, such as boats, 

fishing tackle, fishing licenses and hunting 
leases, and other recreation expenditures as
sociated with more trips than just the one 
visit to Guntersville. The expenditure data 
will assist in determining the economic im~ 

pact of recreation -at the lake. 

The CVM surveys will use different man
agement or control alternatives to elicit how 
the recreation use will change and what the 
recreator's WTP will be for the different al
ternatives. Through collection ofWTP infor
mation, the economic benefits of different 
control alternatives are determined. 

Land Values Study 

The purpose of the Land Values Study is 
to determine the effect of aquatic plant infes
tations on residential land values. At 
Guntersville, a Hedonic analysis is being 
used to determine the effect of aquatic plants 
on residential land values. The Hedonic Ap
proach is an economic valuation method used 
to relate changes in market value to the natu
ral resource attributes affecting market val
ues. This is basically a regression analysis 
relating changes in market values to changes 
in aquatic plant conditions over the years. 

This analysis requires several data sets 
that are being assembled. A database of the 
over 3,000 lots around the reservoir is being 
compiled from the tax maps. A sample for 
analysis will be drawn from this database. 
For development of a model, measures are 
needed of total annual coverage as well as 10t
specific coverage; this information will come 
from photo-interpretation. 

At this point, the model development for 
aquatic plants is being examined. Hedonic 
analyses in the past have been used for valua
tion of natural resource characteristics such 
as wetlands preservation and water quality, 
where the change in natural resources was 
unidirectionat, either exclusively increasing 
or decreasing. For aquatic plants, the acre
ages increase and decrease; the change is not 
unidirectional, making the modeling process 
more complicated. 

Henderson	 WES MP A-91-3. June 1991 28 



Further Work 

With the Recreation Study surveys under 
way, the next work effort will be to look at 
those other economic services that are affected 
by aquatic plants. For example, hydropower in
takes that are clogged by aquatic plants result 
in increased costs for power production. These 
and other changes in project operations caused 
by aquatic plants will be identified to deter
mine how economic benefits change as a result 
of aquatic plants and aquatic plant control. 

Summary 

The objective of the Economic Values work 
is to apply economic analysis methods to 

Valuation or Economic Benefits 

aquatic plant control programs. This requires 
gathering information on public perceptions 
and preferences on aquatic plants and control 
efforts, as is being accomplished through the 
onsile surveys. Determining the total eco
nomic value of aquatic plant control requires 
looking at all economic goods and services af
fected by aquatic plants. The Land Values 
Study and the upcoming work looking at other 
affected services, such as hydropower, will 
cover the range of impacts of aquatic plants on 
economic benefits. The results of these efforts 
will be formalized into guidance for valuation 
of aquatic plant control, with the overall objec
tive being that aquatic plant control programs 
can be evaluated considering the range of 
goods and services, costs, and benefits af· 
fected by aquatic plants and control efforts. 
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Video Imaging 

Video Imaging Project for Aquatic Plant Mapping 

by 
VVayne T.Jipsen l 

Introduction 

Throughout the history of aquatic plant 
conuol efforts, field-level managers have 
been faced with several problems inherent to 
the basic ecosystem in which those efforts 
were conducted. Major problems included 
location of target species, quantification of 
plant populations, and evaluation of treat
ment efforts on those populations. Today's 
manager faces these same problems, in addi
tion to the added challenge of accomplishing 
an increasing workload with decreasing bud
gets and manpower. 

The problems associated with locating 
target species take several forms. Floating 
plant (waterhyacinth and waterlettuce) popu
lations are coming under maintenance con
trol in many areas of the southeastern United 
States. This presents the new problem of 
locating smaller populations of the target spe
cies over a wide area ofresponsibility. Sub
mersed species such as Eurasian watermilfoil 
and hydrilla are spreading in many areas of 
the country. One of the most effective and 
cost-efficient control techniques for these 
two species is to locate and treat pioneering 
populations prior to their rapid expansion 
into the water body. 

Quantification of floating plant popula
tions on the water and of submersed species 
populations within the water column is much 
more difficult than the estimation of terres
trial populations. The potential for move
ment of floating plants presents the problem 
of redistribution of the population from one 
area of a water body to another. Delineating 
the limits of a submersed plant population is 
an essential first step in planning treatments 

as well as predicting budgetary and man
power requirements. 

Once aquatic plant populations have been 
treated, managers must evaluate those treat
ments to detennine their effectiveness and to 
schedule any follow-up treatments that may 
be necessary to control the target species. 
This evaluation process faces the same inher
ent problems as the original location and 
quantification phases. 

Project Background 

A work unit was created and a search was 
conducted to evaluate a technological ap
proach to flOding a solution to these prob
lems. On 29 September 1989, a contract was 
awarded to Enviroscan, Inc" to develop an ae
rial imaging system and train selected field 
personnel in its use. Three initial sites were 
chosen for the demonstration and evaluation 
of the system. Those sites and their primary 
intended uses for the system were: 

•	 Lake Barkley (Nashville District}
locate, identify, and quantify submersed 
aquatic plants in late spring to assist in 
the fonnulation of treatment plans for 
the summer season. 

•	 Lake Okeechobee (Jacksonville Dis
trict)-locate, identify, and quantify 
floating plant populations on a regu
larly scheduled, year-round basis; 
quantify and evaluate ongoing treat
ment operations. 

•	 Lake Seminole (Mobile District)
locate, identify, and quantify submersed, 

1 US Army Engineer District. Jacksonville; Jacksonville, FL. 
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emergent, and floating plant populations 
for planning and evaluation purposes. 

Water Watch systems were installed at the 
three selected projects during late March 
1990. This was followed by a 3-day training 
session for all participants at the Natural Re
sources Office - Clewiston, FL, on 28-30 
March 1990. 

Materials and Methods 

The Water Watch system developed under 
this contract utilizes a combination of the fol
lowing hardware and software items; 

•	 Personal computer with mouse 

•	 Artist illustrator board 

•	 Water Watch Software 

•	 Black-and-white VHS video camera 

•	 Lens and filter system 

•	 Four-head video recorder 

•	 Power convener to allow use from 12-, 
24-, and 11 O-volt power sources 

•	 Sony video monitor 

By following a strict series of protocols 
(defining the desired report content, planning 
and executing the flight, performing the labo
ratory analysis, and producing the final report), 
the operator is able to gather and process the 
data in the most efficient manner. During the 
planning process the operator takes into ac
count various details necessary to ensure data 
integrity. 

During the data collection phase, the Water 
Watch flight system is installed in an airplane 
and flown over the target areas. Data are col
lected on VHS video tape using a preselected 
camera, lens, and fllter combination. 
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In the laboratory, the data are processed in 
accordance with the predefined protocol for 
that flight. Using the software program to 
falsepcolor the data ranges corresponding to 
the targeted plants, the operator is able to lo
cate and quantify populations of that target 
species. 

Results and Discussion 

Several obstacles have prevented full test
ing and evaluation of the Water Watch system 
to date. During the data processing phase of 
the earliest flights, several software problems 
became evident. A contract with Enviroscan, 
Inc., to correct these problems was signed in 
the fall of 1990, and the software enhance
ments are scheduled to be delivered in early 
1991. 

The first enhancement will integrate a 
mouse-driven masking routine into the pro
gram. This will allow the operator to mask 
unwanted data from the screen prior to the 
quantifie ation process. Without th is ro utine, 
problems were experienced with the overlap 
of aquatic and terrestrial vegetation profiles. 
This manifested itself in the form of in
creased acreage counts in areas such as 
lakeshores, riverbanks, and islands where 
both vegetation types existed on the same 
data collection screen. 

The second major improvement in the soft
ware will provide automated digitalization of 
set transects. This option should greatly de
crease the amount of time needed to process 
the data from a given transect while increas
ing the accuracy of those data. In the origi
nal version of the software, the operator had 
to stop the video at each screen frame and 
process the data. This process was very time 
consuming on long transects and, since frame 
alignment was manual, accuracy was greatly 
affected by the individual operator. 

While these problems have slowed the eval
uation phase of this demonstration project, 
some flights have been W1denaken, and base
line data are being gathered. Utilizing the sys
tem as a tool to aid in target species location is 

Jipsen 31 



Video Imaging 

the easiest application of its potential uses. 
This allows the operator more freedom in the 
use of camera angles to enhance the data
gathering abilities of the video equipment. 

As a tool for quantification of target spe
cies populations, the upcoming software en
hancements should greatly improve the 
program's capabilities. Both efficiency (in 
the form of speed of data processing) and ef
fectiveness (in the fonn of greater accuracy) 
will be increased. 

Increased operator familiarity brought on 
by experience will also improve the system's 
capabilities to be better tested. As operators 
at each demonstration site continue to evalu
ate the system, they will learn and share 
shortcuts and improve their own data interpre
tation techniques. 

Summary and Future Work Planned 

The Water Watch system as developed by 
Enviroscan, Inc., is in the early stages of eval
uation. Upcoming software enhancements 
will greatly increase the system's efficiency 
and effectiveness. Results of early tests are 
mixed (as reported by the three test sites), but 
all demonstration sites felt that the system has 
potential and will require further testing. 

Further study is needed to detennine the 
optimum lens/filter combination for use with 
the various target plants. Seasonal variation 
in plant physiology, contrasts to adjacent 
plant populations, and seasonal water quality 
changes are some of the factors that need to 

be considered. As more studies are con
ducted in these areas, a larger selection of fil~ 

ters should become available to the Water 
Watch system operator. Development of ad
ditional filters will allow the operator to key 
on those plant propenies or ecological param
eters that will provide maximum contrast be
tween target and nontarget species. 

Water Watch equipment and technology 
have already been adapted to other natural 
resource tasks at several of the demonstration 
sites. Shoreline management activities, docu
mentation of encroachments, timber and land 
management, wetlands management, and veg
etation inventories are some of the fields into 
which this system can be adapted at the proj
ect level in the future. Expansion of system 
use into other management areas will in
crease the cost effectiveness of the equip
ment and may allow a wider range of 
projects to incorporate its use into their over
all management strategies. 
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Ecology of Submersed Species 

History and Overview of Corps of Engineers-Sponsored 
Advances in Aquatic Macrophyte Ecology 

by 
John W. Barko' 

Introduction 

Research within the ecological technology 
area of the Aquatic Plant Control Research 
Program (APCRP) over the past 10 years has 
been directed primarily toward determining 
the response of submersed aquatic 
macrophytes to environmental factors. A va
riety of environmental factors interact in 
affecting the productivity, distribution, and 
species composition of submersed mac
rophyte communities. Foremost among these 
are light, water temperature, nutrients (includ
ing inorganic carbon), and sediment compo
sition. 

During the past 5 years, ecological re
search within the APCRP has been expanded 
to consider complex interactions among envi
ronmental factors and submersed macrophyte 
growth. Most recent studies have focused on 
mechanisms whereby submersed macrophyte 
communities influence environmental condi
tions. It is now apparent, based on results of 
field as well as laboratory investigations, that 
submersed macrophytes play an active role in 
affecting environmental conditions. 

The purpose of this article is to provide an 
overview of major Corps-sponsored advances 
in aquatic macrophyte ecology, based on re
search activities in the APCRP during the 
past 10 years. In addition, this article summa~ 

nzes current research activities and high
lights results of studies reported in greater 
detail elsewhere in this proceedings. 

Light and Temperature 

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 
physiological adaptability of submersed 
macrophyte species to various conditions of 
irradiance partially account for the greater 
competitive ability of some species com
pared with others in aquatic systems. In this 
connection, species capable of concentrating 
photoreceptive biomass at or near the water 
surface in low-irradiance environments are 
able to competitively displace species pos
sessing relatively prostrate growth forms. 
Among the species examined in this labora
tory, both Elodea canadensis and Vallisneria 
americana appear to be disadvantaged in 
aquatic systems characterized by low water 
clarity because of their limited elongation po
tential. Conversely, Egeria densa, Hydrilla 
verticillata, Myriophyllum spicatum, and 
Potamogeton americanus possess a signifi
cant ability to form a foliar canopy at the 
water surface. 

Most submersed macrophyte species 
demonstrate increased growth with increas
ing temperatures up to at least 28° C. By re
ducing the length of the growing season, low 
temperatures effectively diminish the growth 
capacity of most (but not all) submersed 
macrophytes. Considering the distribution of 
submersed macrophytes in North America, 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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lower temperature limits in combination with 
basic differences in phenology may account 
for variations in the latitudinal range of many 
species. 

The potential for aquatic systems to support 
excessive submersed macrophyte growth gen
erally increases from north to south in the 
United States because of the respectively 
increasing favorableness of temperature 
conditions. Superimposed on this latitudinal 
gradient, conditions of both high light and 
high temperature at the water surface provide 
a maximum-growth environment for species 
capable of accessing the water surface. For 
this reason, even in northern localities, macro
phyte species that effectively concentrate bio
mass at the water surface are potentially more 
productive than other species restricted to 
lower positions in the water column. 

Nutrition 

From research conducted in this labora
tory and elsewhere, it is now generally ac
cepted that rooted submersed macrophytes 
obtain nitrogen, phosphorus, and micronutri
ents primarily by direct uptake from sedi
ments (Table 1). The role of sediment as a 
direct source of these elements for submersed 
macrophytes is ecologically quite significant 
since they are normally very low in concen
tration in available fonns in the open water 
of aquatic systems. Considering the usual 
abundance and conservative nature of other 
major elements in the open water of most 

Table 1 
Primary Sources of Nutrient Uptake 
by Submersed Aquatic Macrophytes 

NutrIent SoUtce 

Nitrogen 
Phosphorus 
Iron 
Manganese 
Micronutrients 

Sediment 
Sediment 
Sediment 
Sediment 
Sediment 

Calcium 
MllJ'1ganese 
Sodium 
Potassium 
Sulfate 
Chloride 

Open water 
Open water 
Open water 
Open water 
Open water 
Open water 

aquatic systems, it is unlikely that low con
centrations of these nutrients directly limit 
growth of submersed macrophytes. 

Only in recent years has adequate atten
tion been directed toward the importance of 
inorganic carbon supply in relation to the 
growth of submersed macrophytes. Signifi
cantly, the photosynthetic potential of a vari
ety of submersed freshwater macrophytes 
appears to far exceed photosynthesis deter
mined at ambient levels of available carbon 
in water. Studies in this laboratory have dem
onstrated significant increases in the growth 
of both Myriophyllum spicatum and Hydrilla 
verticil/ata under experimental conditions of 
increased carbon supply. Thus, considering 
the frequently high availability of nutrients 
other than carbon to submersed macrophytes, 
inorganic carbon supply potentially limits 
macrophyte productivity in freshwater systems. 

Sediment Composition 

Sediment composition (by affecting nutri
tion) has a pronounced influence on the 
growth of submersed macrophytes. In gen
eral, growth is relatively poor on both highly 
organic sediments and sands, as compared 
with fine-textured inorganic sediments. Poor 
growth on sands is related to high sediment 
density and, on organic sediments, to low sed
iment density. High concentrations of or
ganic matter in sediments negatively affect 
the growth of submersed macrophytes, by re
ducing sediment density and the associated 
availability of essential nutrients (notably, N, 
P, and Fe). These elements are likewise low 
in available concentrations in sandy sedi
ments. Thus, mechanisms of growth regul
ation on sand and organic sediments are 
similar; both involve nutrition. 

Sedimentation of inorganic materials pro
vides a nutritionally favorable environment 
for the growth of submersed macrophytes. 
Inorganic sedimentation is frequently acceler
ated by human activities in the watershed. 
For reasons that remain unclear, such sys
tems are most susceptible to the invasion and 
subsequent explosive growth of introduced 
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macrophyte species. Once such an invasion 
has been initiated, the strengths and weak
nesses of the native vegetation relative to 
those of the invading species ultimately con~ 

trol the direction of plant succession. In 
view of these findings, it appears that water
shed disturbances, direct mechanical distur
bances of bottom sediments, or autogenic 
processes affecting the inorganic/organic 
composition of sediments may contribute 
fundamentally to vegetational changes in 
aquatic systems. 

Macrophyte Effects on Sediment 
Deposition 

Sediment deposition is imponant to 
macrophyte growth. This process can re
furbish nutrients lost due to root uptake or 
diffusional processes, and provides new sub
stratum potentially available for macrophyte 
expansion concomitant with reductions in 
water depth. Sediment deposition, by alter
ing the benthic habitat, may also influence 
the distribution and taxa of benthic in
vertebrates present. We have investigated 
the influence of submersed macrophyte com
munities on panerns of sedimentation both in 
a north~temperate system (Eau Galle Reser
voir, Wisconsin) and in the Potomac River 
near Washington, DC. 

In Eau Galle Reservoir, submersed 
macrophytes play an important role in pro
moting sedimentation and reducing sediment 
erosion, thus enhancing the stability and 
growth potential of these plants. In the Poto
mac River, sedimentation during the growing 
season is minimal in macrophyte beds com
pared with the open water. This is largely 
due to restricted movement of water and sedi
ment into the beds. However, despite re
duced rates of sediment deposition during 
periods of peak macrophyte abundance, depo
sition occurs uniformly across the bed into 
the open water during off-seasonal periods of 
high flow and turbulent mixing. With the re
currence each year of preseasonal sediment 
and associated nutrient deposition, conditions 
in the Potomac River appear to be ideal for 
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the continued vigorous growth of submersed 
macrophytes. 

Convective Hydraulic Circulation 

On a daily basis, shallow nearshore re
gions of aquatic systems typically heat and 
cool more rapidly than deep open-water 
regions, due primarily to differences in 
mixed volume. The presence of submersed 
macrophytes in shallow regions contributes 
to the development of thermal gradients in 
both the vertical and lateral planes, since fo
liage near the water surface converts solar ir
radiance 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 with water. Dissolved constituents 
may include nutrients, contaminants, or herbi
cides. In the case of nutrients, it is important 
to detennine the extent to which hydraulic 
transport from the littoral zone of aquatic 
systems may contribute to pelagic nutrient 
budgets, thus potentially influencing phyto
plankton dynamics. In the case of herbicides, 
information on the periodicity of hydraulic 
transport would be of value in maximizing 
both the efficiency and effectiveness of treat
ment applications. 

In Eau Galle Reservoir, dye studies have 
been conducted in combination with close
interval thermal monitoring in an attempt to 
evaluate the seasonal dynamics of convective 
circulation. Owing to the eutrophic nature of 
this impoundment, the focus has been on 
phosphorus transport. However, the results 
apply to all dissolved constituents, including 
herbicides. During studies conducted in 
1988 and 1989, the littoral zone of Eau Galle 
Reservoir typically cooled more rapidly at 
night than the pelagic zone, creating horizon
tal temperature gradients resulting in convec
tive water circulation. Water from the 
littoral zone moved into the pelagic zone as 
an interflow, while water from the pelagic 
zone moved into the littoral zone as a surface 
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flow. These results indicate the potential sig
nificance of macrophyte beds in affecting 
chemical budgets in aquatic systems. Cur
rently, this line of investigation is being ex
panded to Guntersville Reservoir, Alabama, 
where emphasis will be placed on herbicide 
transport. 

Future Initiatives 

Past investigations have demonstrated that 
sediment fertility, influenced by a variety of 
factors (see Barko 1991) has an important in
fluence on submersed macrophyte production 
and species composition. Nitrogen is a key 
element for the growth of rooted macro
phytes. Thus, advances in our understanding 
of factors regulating sediment nitrogen avail
ability will be of great value in the future de
velopment of management approaches based 
on reductions in sediment nutrient availability. 
Toward this end, the role of submersed 
macrophytes in the nitrogen economy of 
aquatic systems will be investigated. 

In addition, a wide variety of physical and 
biological processes potentially contributing 
to the nitrogen nutrition of these plants will be 
evaluated. Laboratory studies will continue to 
focus on effects of sediment fertility on the 
growth of submersed macrophytes. In these 
studies the rooting depth of a variety of species 
is currently being examined. This infonnation 
will be of value in assessing the extent to 

which species with different rooting depths 
may respond to sediment scouring or other 
forms of nutrient loss from surficial sediment. 

Interactions will be examined among inva
sive and native macrophyte species in rela
tion to sediment characteristics influencing 
fertility. Results of these studies will facili
tate the design of more complex studies of 
long-term changes in macrophyte community 
composition to be conducted at the Lewis
ville, TX, pond facility and elsewhere. The 
feasibility of lessening sediment nutrient 

availability to macrophytes by chemical and 
biological means, and thus retarding the 
growth potential of nuisance species. will be 
investigated. As an extension of this effort, 
the possibility of perpetuating reductions in 
nutrient availability to nuisance species by in
terplanting preferred native macrophyte spe
cies will be examined. 

Another line of investigation, addressing 
factors that contribute to both the invasion 
and decline of submersed macrophytes, will 
be initiated. The rate and extent of invasions 
by these plants are known to vary considerably 
among lakes, but specific factors contribut
ing to invasions remain unknown. Likewise, 
naturally occurring declines of established 
populations of submersed macrophytes have 
been commonly reported, but the causes of 
these declines remain uncertain. Studies will 
be initiated to (l) identify environmental fac
tors associated with naturally occurring inva
sions and declines, and (2) evaluate the 
potential for manipulating natural processes 
to reduce susceptibility to invasion by nui
sance species or to encourage their decline. 
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Population Dynamics of Submersed Macrophytes 
in the Tidal Potomac River 

by 

Virginia Carter, l N. B. Rybicki, I and Michael Turtora 1 

Introduction 

Submersed macrophyte populations are 
very dynamic in tenns of spatial variability 
and species composition. Both population 
declines and increases have been reported for 
the Chesapeake Bay and its tributaries, in
cluding the Potomac River (Bayley, Robin, 
and Southwick 1968; Orth and Moore 1984; 
Carter and Rybicki 1986). The historic distri
bution of submersed macrophytes in the tidal 
Potomac River illustrates this point. 

Before the late 1930s there was an abun
dance of plants (Cumming, Purdy, and Ritter 
1916; Secretary of the Treasury 1933); be
tween the late 1930s and 1982, there were 
virtually no macrophytes in the tidal river 
(Carter, Paschal, and Bartow 1985); and in 
1983 there was a resurgence of macrophytes 
(Caner and Rybicki 1986), followed by dra
matic changes in population over the next 
7 years. 

Light availability has been identified as a 
major control on the distribution of submersed 
aquatic macrophytes in the Chesapeake Bay 
and the tidal Potomac River (Kemp et a1. 
1983, Carter aIid Rybicki 1990). Many fac
tors (including total suspended solids (TSS), 
phytoplankton, epiphytes, nutrients, wind, 
and available sunshine) influence light avail
ability, either directly or indirectly. 

Light availability at depth is affected 
directly by the presence of TSS and phyto
plankton in the water column and by epiphytes 
and sediment accumulations upon the leaf 
surface (Sand-Jensen and Sondergaard 1981, 
Kemp et aI. 1983, Carter and Rybicki 1990). 

Increasing nutrient loading increases epiphytic 
algae and phytoplankton; the increases in 
phytoplankton cause an increase in TSS as 
well. Climatic factors such as wind and sun
shine are also importaIit (Orth and Moore 
1986), although often disregarded when con
sideriug light avail ability. 

The monoecious variety of the southeast 
Asian exotic Hydrilla verticillata (LJ.) Cas
pary became well established in the tidal 
river in 1983, following its discovery in 1982 
(Steward et a1. 1984). The changes in abun
dance of macrophytes in the tidal river from 
1983-89 were caused primarily by fluctua
tions in the H. verticillata population. Al
though Myriophyllum spicatum L. and 
Vallisneria americana Miehx. increased in 
abundance in the tidal river and spread 
downriver in advance of H. verticillata, they 
were generally replaced by H. verticillata in 
most areas <2 m in depth. 

The toleraIice of H. verticilLata to low 
light levels and its ability to outeompete 
other species have been documented by nu~ 

merous investigators (Van, Haller, and 
Bowes 1976; Bowes et al. 1977; Langeland 
aIid Sutton 1980; Sutton, Littell, and LaIige~ 

land 1980; Spencer and Rejmanek 1990). 

In discussing the resurgence of submersed 
macrophytes in the tidal Potomac River during 
1983-85, Carter and Rybicki (1986) stated that 
several changes in water quality had occurred 
during or just prior to 1983. These included 
(1) a dramatic increase in Secchi depth to 
>0.80 m from <0.55 m, (2) a change in the pri
mary nitrogen loading from ammonia to nitrate 
as a result of nitrification at the Blue Plains 

1 US Geological Survey, Resron, VA. 
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Waste Water Treatment Facility (BPF) in 
Washington, DC (Schultz 1989), and (3) a de
crease in TSS and phosphorus loads from the 
BPF. 

Because water clarity increased and nutri
ent loading declined, we did not attribute the 
resurgence to either factor alone, but sug
gested that there might be a synergistic ef
fect. We did not consider climatic data in 
our analysis. 

The purpose of this research was to exam
ine the relations among water quality, cli
mate, and submersed macrophyte population 
fluctuations in order to increase understand
ing of the mechanisms controlling population 
dynamics in the tidal Potomac River. Spe
cial emphasis was placed on H. verticiliata 
because large changes in coverage were pri
marily the result of fluctuations in this species. 

Study Site 

The tidal Potomac River extends 61 km 
from Chain Bridge in Washington, DC, to 
Quantico, VA. The water is fresh «0.5 mgIL 
dissolved solids) except during dry years with 
low river discharge. The average annual flow 
is 323 m3 sec". The river consists of a deep 
channel bordered by wide shallow margins or 
flats with several shallow tidal embayments on 
both the Virginia and Maryland sides. 

For the purposes of this paper, the tidal 
river had been divided into two reaches. the 
upper tidal river from Chain Bridge to Mar
shall Hall, MD, and the lower tidal river 
from Marshall Hall to Quantico, VA. 

Species reponed from the tidal Potomac 
River prior to the late 1930s include Vallis
neria americana, Ceratophyl/um demersum, 
Najas fLexilis, Elodea canadensis, and Pota
mogecon crispus. Thirteen species were re
ported from the tidal river from 1983-89. The 
most widespread species are H. verticilLata, 
V. americana, M. spicatum, C. demersum, and 
Heteranthera dubia; the dominant species in 
tenns of biomass and cover are H. verticil/ala, 
M. spicatum, and V. americana. 

Carter, Rybicki, & Turtora 

Methods and Materials 

Several data sets were analyzed, including 
(1) climate data (wind speed, available 
sunshine) measured at National Airport (Na~ 

tional Oceanic and Atmospheric Administra
tion 1970-89); (2) water quality data (water 
temperature, Secchi depth, TSS, and chloro
phyll-a concentration) collected by the Mary
land Department of the Environment (MDE) 
and the District of Columbia Department of 
the Environment (DCB) and acquired through 
the Washington Metropolitan COWlcil of Gov
ernments; and (3) water quality data col
lected by the US Geological Survey (USGS) 
between 1980 and 1989 (Blanchard, Coupe, 
and Woodward 1982; Coupe and Webb 1983; 
James et a1. 1989). Collection methods for 
water quality data are summarized in Batiuk 
et al. (1991). 

Because all the submersed macrophytes 
in the tidal Potomac River die back and un
dergo a period of dormancy, this analysis is 
limited to data from the growing season 
(April-October). 

Because of differences in plant biomass 
and cover between the upper and lower tidal 
river, the data were analyzed by reach. MDE 
data were collected twice a month (once a 
month in 1983-84) at two stations in the 
upper tidal river and two stations in the lower 
tidal river. DeE data were collected once a 
month at a station in the upper tidal river. 
Data from those stations were combined for 
the upper and lower tidal reaches. 

Growing-season means were calculated 
for Secchi depth, TSS, and chlorophyll-a con
centration. For TSS, a few measurements 
were below the detection limit in 1983, 1984, 
and 1986; therefore, means were calculated 
for those years using log probability plotting 
(Helsel and Cohn 1988). 

The USGS monitored the distribution of 
submersed macrophytes in the tidal Potomac 
River from 1983-89 (Carter et al. 1985; 
Rybicki et al. 1985, 1986, 1987; Rybicki, 
Anderson, and Carter 1988; Rybicki and 
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Schening 1990), supplying information on 
distribution and abundance to Dr. Robert 
Orth at the Virginia Institute of Marine Sci
ence (VIMS) for publication as part of the 
Chesapeake Bay Program (Orth et al. 1989). 
Aerial photographs of the submersed aquatic 
macrophytes have been digitized at VIMS, 
and distribution and abundance data are avail
able through a centralized database main
tained by the Chesapeake Bay Program. 

For this report, information on coverage 
by submersed macrophytes in the upper and 
lower tidal river from 1984-89 (exclusive of 
1988) was obtained from the database. Cov
erage in 1983 was estimated from USGS sur
veys; coverage in 1988 was estimated from 
the aerial photographs. 

Meteorological data were in the form of 
monthly means for wind speed, percent 
available sunshine, and precipitation for the 
period 1970-89. A 20-year seasonal (April
October) mean was calculated for each pa
rameter, and the seasonal means for the years 
of interest were compared with the long-term 
means. 

The phenology of H. verticillara was 
taken into consideration in an analysis of the 
1989 gennination period climate and water 
quality data. Steward and Van (1987) 
showed that 70 to 80 percent of monoecious 
H. verticillata tubers germinated when the 
temperature was held at 15° C for 4 weeks. 
Examination of the 1989 temperature record 
gave the sampling date when the temperature 
became higher than 15° C and remained 
higher until the end of the summer. 

The germination period was defined as the 
6-week period including and immediately fol
lowing that date, and the mean Secchi depth, 
TSS, and chlorophyll-a concentration were 
calculated by reach. For the meteorological 
data, the 2 months including and following 
the date when germination temperature was 
exceeded were selected, and the mean wind 
speed and percent available sunshine were 
calculated. 

WES MP A-91-3, June 1991 
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Because tuber size could be a factor in de
tennining survival of newly genninated 
plants under poor water clarity conditions, 
we examined the relation of tuber size to 
sprout length in the laboratory. Hydrilla ver
ticillata and V. americana tubers were col
lected from the tidal river during the winter 
dormant period. Samples of the smallest 
available and the largest available tubers 
were weighed and then sprouted in the dark 
at room temperature. The length of the 
sprouted plant was measured after 6 weeks 
(H. verticWata) and 9 weeks (V. americana) 
in the dark. 

Results 

Figure 1 shows the area covered by sub
mersed macrophytes in the upper and lower 
tidal rivers from 1983-89. In 1983, the 
macrophyte population was a mixture of 13 
species; propagules washed into the upper 
tidal river during the spring and summer be
came established in patches throughout the 
shallow areas. Hydrilla verticillata grew 
densely in the area surrounding Dyke Marsh, 
where several small plants had been discov
ered in 1982 (Steward et a1. 1984). The 
plants expanded rapidly, reaching a total area 
of 1,300 ha in the upper tidal river from 
1985-87. 

Hydrilla verticillata dominated the upper 
tidal river by 1985 and composed more than 
70 percent of the area covered by 1987. The 
60-percent decrease in coverage in the upper 
tidal river in 1989 was primarily the result of 
loss of H. verticil/ala. Meanwhile, only 
small patches of submersed macrophytes be
came established in the upper end of the 
lower tidal river in 1985 and 1986; Hydrilla 
verticil/ala did not colonize this reach until 
1986. 

Submersed macrophytes had a dramatic ex
pansion (350 percent) in coverage to 807 ha, 
dominated by H. verticillala, in 1989, coinci
dent with the decline in the upper tidal river. 

In 1983, when the plants returned, the 
upper tidal river had a mean seasonal Secchi 
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Figure 1. Hectares ofsubnuJrsed aquaJic mtlCrophyres in the upper 
and lower tidal PotQmac River, 1983-89 

depth of 0.77 m compared with 0.60 m in the 
lower tidal river (Figure 2). Mean seasonal 
TSS and chlorophyll-a concentration values 
were 18.8 mgfL and 15.2 Ilg/L, respectively, 

in the upper tidal river, whereas 
mean seasonal TSS and chloro
phyll-a concentration values 
were 23.0 mg/L and 32.8 IlglL, 
respectively, in the lower tidal 
river (Figures 3 and 4). 

The available sunshine was 66 
percent of that possible, signifi
cantly higher than the 20-year av
erage of 60 percent (standard 
error =0.45) (Figure 5a). Aver
age wind speed was 11.1 km/hr, 
significantly lower than the 20
year average (mean =14.2 
km/hr, standard error =0.32) 
(Figure 5b). The summer (June
August) wind speed was the low
est summer wind speed for the 
period of record (not shown). 

From 1983 to 1989, conditions 
in the upper and lower tidal river gradually 
changed until the lower tidal river had 
greater water clarity than the upper tidal river 
(Figure 2). Seasonal mean Secchi depths in 
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Figure 2. SeasoflfU mean (April-October) Secchi depth 
in the upper and lower tidal Potomac Ri~er, 1983-89 
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the upper tidal river remained above 0.70 m 
through 1985 as the plants increased in abun
dance, and then dropped gradually to 0.54 m 
by 1989 (Figure 2). This decrease in Secchi 
depth was associated with an increase in 
mean seasonal TSS from ~15 mg/L in 1984
86 to >18 mg/L in 1987-89. Mean seasonal 
chlorophyll-a concentration was <15 Ilg/L in 
1984-89. 

In the lower tidal river, mean seasonal 
Secchi depth remained between 0.49 and 
0.66 m through 1986; relatively small num
bers of plants were established in this reach. 
Secchi depth in the lower tidal river in
creased to 0.7 m during 1987-89, and macro
phyte coverage increased. These changes in 
Secchi depth are associated with a gradual de
crease in mean seasonal TSS from >20 mg/L 
in 1983-85 to <20 j.!.g/L in 1986-89 and a 
large decrease in mean seasonal chlorophyll
a concentration from >25 j.!.g/L in 1983-85 to 
<15 jJ.g!L in 1984-1989. 

In 1989, when the H. vertic illata cover de
creased by 60 percent in the upper tidal river 

and increased by 350 percent in the lower 
tidal river, the upper tidal river had a mean 
seasonal Secchi depth of 0.54 m, TSS of 
17.7 mg/L, and chlorophyll-a concentration 
of 9.3 Ilg/L (Figures 2-4). The lower tidal 
river had a mean seasonal Secchi depth of 
0.76 m, TSS of 13.4 mg/L, and chlorophyll-a 
concentration of 6.3 IlgIL. The 1989 growing 
season was unusually cool and cloudy. The 
average wind speed was 15.8 km/hr, higher 
than the 20-year mean of 14.2 km/hr; the avail
able sunshine was 49 percent, significantly 
lower than the 20-year mean of 60 percent 
(Figures 5a and 5b). 

Figure 6 compares the water temperature 
for 1986, a year when H. verticillata was at a 
maximum coverage, and 1989, the year of 
the decline. In 1989, instead of gradually in
creasing temperature as in 1986, the mean 
water temperature rose from 13.7° C on April 
17 to 18.8° C on May 2, and then decreased 
to 13.3° C on May 15, finally rising to 24.5 0 C 
on June 12. These biweekly values are in 
agreement with daily water temperature 
measured by the USGS. This means that 
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H. verticil/ata germination was probably initi
ated in early May, but growth was slowed by 
low temperatures in late May. 

Figure 7 shows the results of the germina
tion period analysis. Mean germination period 
Secchi depth in the upper tidal river in 1989 
was 0.47 m, lower than the seasonal average, 
whereas mean gennination period Secchi 
depth in the lower tidal river was >0.88 m, 
higher than the seasonal mean. The low 
Secchi depth in the upper tidal river was asso
ciated with a gennination period TSS of 18.0 
mg/L and a chlorophyll-a concentration of 
15.91lg/L. The high Secchi depth in the lower 
tidal river was associated with mean TSS and 
chlorophyll-a concentrations of 10.8 mg/L 
and 4.6 IlgIL, respectively, slightly lower 
than mean seasonal TSS and chlorophyll-a 
Concentrations. 

Table 1 shows the average weight of small 
and large H. verticillata and V. americana tu
bers and the average length of the plant at the 
end of the growth period. The smallest V. 
americana tubers weighed less than the larg
est H. vertic illa ta. Leaf lengths from large 
tubers of V. americana were more than three 
times those from small tubers after 9 weeks; 
H. verticilla sprouts from large tubers were 
about three times longer than those from the 
smallest tubers. 

With only 7 years of plant abundance 
data, there were too few data to attempt mul
tiple regressions. Regressions of the change 
in plant area with the seasonal means of the 
three major parameters (Secchi depth, TSS, 
and chlorophyll-a concentration) showed that 

82.7 percent of the variability could be ac
counted for by Secchi depth (p = 0.004) in 
the upper tidal river, whereas 55.0 percent of 
the variability in the lower tidal river was ex
plained by TSS (p =0.056). 

Discussion 

Our analysis suggests that submersed 
macrophytes returned to the upper tidal river 
in 1983 because of improved water clarity 
(Carter and Rybicki 1986) and a fortuitous 
combination of climatic factors affecting 
light availability. There was greater than nor
mal percent available sunshine, and the low 
wind speed probably resulted in less sedi
ment resuspension and turbulence. 

A phytoplankton bloom in the lower tidal 
river (Metropolitan Washington Council of 
Governments 1984, Woodward et aI. 1984) 
spread into the upper tidal river after the 
plants had become well established and 
reached the water surface, causing a mean 
August-Oct0 ber chlorophy11-a Concentration 
of 15.2 1lg!L in the upper tidal river in 1983, 
but not affecting the newly established plants. 

The data support the conclusion that the 
expansion of macrophyte populations in the 
upper tidal ri veT and the spread of macrophytes 
into the lower tidal river after 1985 were the re
sult of good water clarity (mean seasonal 
Secchi depths >0.7 m) associated with rela
tively low mean seasonal TSS «20 mg/L) 
and chlorophyll-a «15 1lg!L) concentrations. 
Under these conditions, H. verticillata out
competed all other species common to the 

Table 1 
Length of Plants Grown In the Dark from Large and Small Tubers 

Tuber Wet Mus, g Plan I Length, cm 

Specles1 NTuber Size Mean SO SDN Mean 

H. v9nicillata 0.7 
3,4 

V. americana 8.7 
10.8 

Small 8 0.0085 0.0026 7 2.7 
Large 8 0.1774 0.0400 8 7.8 

Small 5 0.1042 0.0191 5 16.0 
Large 5 0.4814 0.0526 5 52.0 

1 Period of growth was 6 weeks for H. vertlclllata and 9 weeks for V. americana. 
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tidal river and rapidly covered all shallow 
areas in the main stem and tidal embayments. 

When water clarity was <0.7 m, the balance 
between TSS and chlorophyll-a concentration 
was probably very important in determining 
plant distribution. If one or both of these pa
rameters are high, there may be no increase 
in plant populations, and in fact, as illustrated 
by the 1989 upper tidal river data, popula
tions may decrease dramatically. 

Laboratory experiments have demonstrated 
that dioecious H. verticillata is well adapted to 
low light levels (Bowes et a!. 1977; Van, Haller, 
and Bowes 1976). It has been shown to out
compete V. americana by virtue of its fonna
tion of a dense surface canopy that blocks light 
penetration (Haller and Sutton 1975). How
ever, Barko and Smart (1981) reported that the 
monoecious H. verticil/ata elongated apprecia
bly in light of 100 ~E m-2 sec-I, but apparently 
did not have sufficient organic reserves to fonn 
a canopy. 

The sensitivity of H. verticjJlata to poor 
water clarity in the upper tidal river in 1989 
was unexpected, especially because it appeared 
that V. americana and M. spicatum populations 
were relatively unaffected (personal observa
tion, V. Carter and N. B. Rybicki). 

The monoecious variety of H. verticil/ata 
adopts a prostrate fonn of growth, remaining 
in the lower half of the water column until 
about July, when it forms a dense surface can
opy similar to that formed by dioecious 
H. verticil/ata (Caner et al. 1987). Based on 
the assumption that early growing season con
ditions were the key to the H. verticillata die
back in 1989, we looked critically at water 
temperature, tuber growth, and germination 
period water quality. 

Submersed macrophyte populations over
winter in the form of propagules rich in stored 
carbohydrates-tubers, seeds, root masses and, 
in the case of M. spicatum, stems with active 
nodes. As rising spring water temperatures 
cause germination of these propagules, 

V. americana and M. spicatum grow rapidly to
ward the water surface into favorable light con
ditions. Growth of both H. verticillata and V. 
americana is relatively slow at low water 
temperatures (~12° to 16° C) (Barko and Smart 
1981; Barko, Hardin, and Matthews 1982), 
whereas M. spicatum growth is not substan
tially slowed at these low temperatures (Barko 
and Smart 1981). 

Vallisneria americana tubers are generally 
larger than those of H. verticillata, and our 
laboratory experiment suggests that they 
have more potential for elongation in the 
dark. Hydrilla verticil/aca tubers germinating 
in deep water (>1 m) may be at a disadvantage 
compared with V. americana when germina
tion is initiated, and then water temperatures 
decrease or remain near the germination 
temperature for long periods of time. We hy
pothesize that H. verticillata tubers began to 
germinate in early May 1989, but growth was 
retarded because of temperatures <15 0 C. 

Respiration exhausted much of the stored 
carbohydrate in the H. verticil/ala tubers by 
early June, and the poor light conditions in 
the upper tidal river caused the new plants to 
die before extending up into the water col
umn. Light availability in the lower tidal 
river was better for growth in spite of the 
poor weather. 

Bowes et a1. (1977) found that tuber size 
positively influenced both shoot survival and 
shoot length of dioecious H. vertic illata 
when tubers were germinated and held in com
plete darkness at 25 0 C. McFarland (1991) 
showed that small monoecious H. verticiLlata 
tubers showed less initial growth than large 
tubers when grown under identical green
house conditions. 

Vallisneria americana, which is also toler
ant of low light (Titus and Adams 1979), 
may also have had its growth retarded by the 
1989 temperatures; however, with its larger 
tubers, it had sufficient energy to grow into 
an adequate light climate. 
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Myriophyllum spicatum, which generally 
germinates before all other plants in the river 
and reaches the surface within 3 weeks of the 
time that new sprouts are seen on the bottom 
(personal observation, V. Carter and N. B. 
Rybicki), did not appear to be affected. 
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Aquatic Plant Competition Studies 

by 

R. Michael Smart] 

Introduction 

Submersed aquatic plants comprise an im
portant and beneficial component of many 
aquatic ecosystems. However, unchecked 
growth of weedy species can be detrimental, 
both to the aquatic life inhabiting the water 
body and to human users of water resources. 
The ultimate goal of aquatic plant manage
ment would be to promote the spread of 
aquatic plant communities having desirable 
attributes, while controlling the growth and 
distribution of weedy species. In pursuit of 
this goal, and in order to more effectively 
control the aquatic vegetation in Corps reser
voirs and waterways, there is a need for infor
mation on the factors promoting or leading to 
submersed aquatic weed infestations. 

If there are environmental factors that pro
mote the spread of weedy species to the detri
ment of native, nonweedy species, these 
factors might be controlled or avoided, thus 
reducing the extent or magnitude of weed in
festations. Since the distribution of weedy 
species may be limited by their environmen
tal requirements, we have given considerable 
attention to studying the physiological re
sponses of these species to their environ
ment. The environmental factors we have 
considered include light, temperature, water 
chemistry, inorganic carbon supply, sediment 
compos ition, and sediment fertility .2 

In OUf studies of common introduced and 
native species, we have found that most ex
hibit roughly similar environmental require
ments, and respond similarly to different 

environmental conditions. Differences in in
dividual species' preferences for particular 
environmental conditions thus do not, in 
themselves, seem sufficient to account for 
differences in the species composition of sub
mersed aquatic plant communities. There
fore, the occurrence of weedy species in the 
aquatic environment cannot be directly as
cribed to particular physical or chemical 
characteristics of the environment. 

If there is not a set of environmental condi
tions that, in itself, leads to the development 
of weed infestations, it may be that the species 
composition of submersed aquatic plant com
munities is controlled by biotic (competitive) 
interactions among species. In other words, 
species composition of the community may 
be determined by the relative competitive 
abilities of the individual component species. 

Since aquatic weed infestations often 
occur in areas that formerly supported native, 
nonweedy vegetation, it is commonly held 
that weedy species must be more competi
tive, outcompeting and eventually replacing 
the slower growing native vegetation. In 
spite of this widespread belief that weedy 
species are more competitive than nonweedy 
species, competitive displacement of native, 
nonweedy vegetation by introduced weedy 
species has never been unequivocally 
demonstrated. 

A substantial body of literature on terres
trial plants indicates that weedy species are 
usually less directly competitive than non
weedy species. Terrestrial weedy species 

US Army Engineer Waterways Experiment Station, Lewisville Aquatic Ecosystem Research Facility, 
Lewisville. TX. 

2	 J, W, Barko. 1986. Ecology of submersed macrophytes: A synopsis. Pages 35-38 in Proceedings, 
20th Annual Meeting, Aquatic Plant Control Research Program, Miscellaneous Paper A-86-2. US 
Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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are, however, adapted for rapid colonization 
of new or disturbed environments, and it is 
this characteristic that contributes to their 
widespread distribution. In the absence of 
disturbance, more competitive, nonweedy 
species eventually outcompete the faster 
growing, but less competitive, weedy species 
in a fairly repeatable process known as 
succession. 

In view of the prevalence of the above sce
nario in the terrestrial environment, it is 
likely that similar processes occur in the 
aquatic environment. If plant succession in 
aquatic environments follows a pattern sim
ilar to that in terrestrial environments, we 
may eventually be able to identify methods 
that would accelerate the successional pro
cess, allowing managers to promote the estab
lishment and persistence of native, nonweedy 
vegetation in order to slow the spread of 
weedy species. 

To test several hypotheses on competition 
and succession in submersed aquatic plant 
communities, we have initiated short- and 
long-tenn studies at the Waterways Experi
ment Station (WES); at WES' Lewisville 
Aquatic Ecosystem Research Facility 
(LAERF), in Lewisville, TX; and, in coopera
tion with the Tennessee Valley Authority 
(TVA) at TVA's Murphy Hill Aquatic Re
search Facility near Guntersville Reservoir in 
northeast Alabama. 

LAERF Study 

The experimental objective of the pond 
study conducted at the LAERF was to deter
mine the abilities of populations of the native 
species Vallisneria americana and Pota
mogeton pecrinatus to resist invasion by 
HydrWa verticillata. The experiment re
quired observation of plant responses within 
permanent plots over an extended period. The 
plots were laid out as a series of hexagonal 
cells in a I-acre pond (Figure 1). The sides of 
the cells were each about 2 meters long, and 
the area of the cell was 12 m 2, roughly approxi
mating the area of a 4-m-diam circle. 

Ecology of Submersed Species 

The experiment included 96 cells, all of 
which were located below the I-m depth con
tour in the pond. Species were assigned to 
cells in a regular pattern so that each species 
was surrounded by three cells of each of the 
other two species (Figure 1). 

o VAl..l rsN ER IA 

OPOTA OOE:lON 

eHVO:R. l.A 

Figure 1. Experlmento/ plot layout ojpond study.
 
Hexagonal cells are 2 m on each side with
 

2an area of12 m

The sediment in every other cell of each 
species was fertilized with nitrogen (ammo
nium sulfate), which has been shown to 
potentially limit growth in these ponds. The 
entire pond bottom was rototilled prior to fill
ing, to facilitate planting and to incorporate 
the nitrogen fertilizer. Plants of each of the 
species were planted in August 1990, by 
hand, on 30-cm centers as the pond was 
being filled. 

During subsequent weeks we observed 
dense growth of two species endemic to the 
pond, Najas guadalupensis and Chara vul
garis. These two species, which grew from 
a seed/spore bank in the pond sediment, 
interferred with the establishment of Vallis
neria and Potamogeton, thus complicating 
the analysis of experimental results. In Octo
ber, after a 10-week period of growth, the pond 
was drained for observation and sampling. 

5SWES MP A-91-3, June 1991 Smart 



Ecology of Submersed Species 

Preliminary analysis indicates that Hydrilla 
grew very well, attaining full coverage in the 
cells where it had been planted, although it did 
not appreciably invade adjacent vegetated 
cells. These preliminary results indicate that 
preemptive establishment of native vegetation 
(in this case, through its seed/spore bank) can 
slow the spread of Hydrilia. 

In the next phase of experimentation, the 
extant seed/spore bank will be eliminated 
prior to replanting the experiment. In the 
absence of preemptive competition from en
demic annuals, we should be able to establish 
vigorous populations of Val/isneria and 
Potamogeton in the pond. Once these spe
cies are well established, we will reintroduce 
the weedy species (Hydrilla) and detennine 
the ability of the natives to resist invasion. 

Additional studies will examine the role 
of preemptive utilization of sediment nutri
ents as a factor enabling competitive species 
to resist invasion. 

Guntersville Reservoir 

One of the primary considerations in plan
ning the Guntersville Reservoir research in
vol ved the release, by TVAt of large numbers 
of grass carp into the reservoir. The competi
tive species that we wished to experimentally 
evaluate (VaJJisneria americana and Pota
mogeton pectinatus) are generally considered 
to be preferred food choices for the fish; 
also, the target species that we wished to re
place, Eurasian watermilfoil (Myriophyllum 
spicatum), is one of the least favored foods. 
Thus, the presence of large numbers of grass 
carp would potentially interfere with a test 
of competition among these species in the 
reservoir. 

We evaluated the use of exclosures or 
fences to exclude the carp from experimental 
plots, but decided against them as they would 
be expensive to construct, would require navi
gation permits that might result in costly de
lays, and might not be effective at excluding 
the grass carp. Since we were unable to con
duct the research in Guntersville Reservoir, 

Sman 

we elected to conduct the fLfSt year's trials in 
Stewart's Pond at Murphy Hill, immediately 
adjacent to the reservoir. 

Prior to the start of the experiment, a 
I-acre plot was laid out in the middle of a 
large expanse of monotypic Eurasian water
milfoil. This area was subsequently treated 
by TVA with a granular endothall fonnula~ 

tion. The treatment produced excellent con
trol, providing complete kill within the plot 
and leaving Eurasian watermilfoil intact all 
around the periphery of the plot. 

The experimental objective was to deter
mine the effects of benthic barrier and fenil
irer application on the establishment and 
persistence of Vallisneria and Potamogeton 
in a water body dominated by Eurasian 
watennilfoil. We wished to test whether ap~ 

plication of a benthic barrier surrounding the 
planting would increase the survival and com
petitive ability of the native species. We also 
felt that addition of fertilizer at planting 
might benefit the establishing plants. 

The experimental design consisted of a 
factorial arrangement with two sediment 
treatments (barrier and no barrier), two fer
tility levels (control and fenilized sediments), 
three planting treatments (Vallisneria, 
Potamogeton, and unplanted controls), and 
included two harvest dates for evaluating re
sults. The experiment was replicated four 
times for a total of 96 experimental units or 
subplots. 

Each of the subplots consisted of a 1- by 
I-m PVC pipe frame, held in place by attach
ment to the anchored benthic barrier or to a 
rope grid laid out on the bottom of the pond. 
A planting frame was constructed which di
vided the subplots into 36 cells approximately 
15 by 15 em. We then planted 36 bundles of 
approximately three to five Val/isneria plants 
or 36 sets of three Potamogeton tubers using 
the frame as a guide. 

After a 5-week period we returned to eval
uate the growth of the plants, and found that 
none had survived. Since no dead plants or 
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tubers were present, we suspected that the 
plants had been eaten. Subsequent observa
tions and trapping suggested that the plants 
had been consumed by a large population of 
turtles residing in the pond. Since the turtles 
could be rather easily caught in turtle traps 
baited with Vallisneria, we elected to con
struct an exclosure in the pond, remove the 
turtles from within, and replant the barrier 
ponion of the experiment. 

Vallisneria was subsequently replanted in 
September 1990. Potamogeton tubers were 
unavailable at that time and will be replanted 
in the spring of 1991. The Vallisneria plots 
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were evaluated in October 1990 and appeared 
to be successfully established. Eurasian 
watermilfoil was also beginning to reinvade 
the plots at that time. The plots will be moni
tored during 1991. 

In addition to the pond site, two sites have 
been selected for study in Guntersville Reser
voir. These sites, located in North Sauty Creek 
and Chisenhall Embayment, will be enclosed 
with a nylon-covered, galvanized fencing 
material to exclude grass carp from the plots. 
Experimental plots will be planted with Val
lisneria americana and American pondweed 
(Potamogeton nodosus). 
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Growth of Black Bass in Different Densities of Hydrilla 

by
 

James V. Morrow, l K. Jack Killgore, l and Jan Jeffery Hoover l
 

Introduction 

The largemouth bass (Micropterus 
salmoides) is an important sportfish in south
ern reservoirs. This species frequents under
water cover, and is often associated with 
submersed aquatic macrophytes (Colle and 
Shireman 1980; Killgore, Morgan, and 
Rybicki 1989). Submersed aquatic 
macrophytes provide cover for young large
mouth bass (Aggus and Elliott 1975) and are 
correlated with the abundance and recruit
ment of adult largemouth bass in reservoirs 
(Durocher, Procine, and Kraai 1984). There
fore, the relationship between largemouth 
bass and aquatic macrophytes should be con
sidered when formulating an aquatic plant 
management plan. 

Submersed aquatic macrophytes provide a 
substrate for invenebrates (Wileyet al. 1984), 
provide cover for other species of sunfishes 
such as bluegill (Lepomis macrochirus) and 
redear (L. microlophus), and improve water 
clarity (Engel 1987). 

When submersed aquatic macrophytes be
come too dense, however, benefits to large
mouth bass are negated by reduced foraging 
efficiency. As the density of aquatic macro
phytes exceeds 50 stems/ro2, the predation 
success of largemouth bass declines rapidly, 
and is near zero at 250 to 1,000 stems/m2 

(Savino and Stein 1982). Wiley et al. (1984) 
found that maximum largemouth bass produc
tion occurred when macrophyte abundance 
was 53 g/m3 (dry weight) and declined rap
idly as macrophyte abundance increased. 

Bluegills (Lepomis macrochirus) were 
also found to grow faster in areas of interme
diate plant densities (lll stems/m2) than in 

areas of low density <}6 stems/m2
) or high 

density (177 stems/m ) (Crowder and Cooper 
1982). These studies suggest that large
mouth bass grow best in areas of intermedi
ate plant density. 

The purpose of this study was to compare 
the growth of largemouth bass in ponds with 
three densities of hydrilla (Hydril/a ver
ticilJata) and to relate these findings to forag
ing and water quality differences between 
ponds. In addition, recommendations were 
developed for subsequent pond studies for 
the 1991 growing season. 

Methods and Materials 

This study was conducted at the Water
ways Experiment Station's Lewisville Aquatic 
Plant Research Facility in Lewisville, TX. 
The study was conducted in two runs. The 
first run (midsummer, 9-25 August) had the 
following objectives: to determine the logis
tical requirements of the study, to determine 
the response of bass to the stresses of capture 
and stocking, and to ex.amine the rate of de
pletion of the artificial forage base (i.e., blue
gill). The second run was conducted in the 
early fall (13 September-25 October) and was 
terminated at the end of the plant growing 
season. 

Three ponds, each measuring 42 by 89 m, 
were used in each run: no hydrilla (NH), in
termediate hydrilla density (1D), and high 
hydril.1a density (HD). Each pond was 
drained, tilled, and fertilized with ammonium 
sulfate at a rate of 540 kg/ha. Prior to flood
ing, the HD and ID ponds were planted with 
hydrilla sprigs 5 to 10 em long. The bottoms 
of the HD ponds were planted with hydrilla 
sprigs spaced approximately 0.3 m apart, and 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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379 m2 of each of the ill ponds was planted 
in ten 6.2~ by 6.2-m blocks (Figure 1). 

During the fIrst run, each pond was di
vided along the long axis with a blocknet in 
an anempt to replicate within ponds. How
ever, during fish harvest it was found that 
some fIsh moved through the net. 

Prior to fish stocking, dissolved oxygen 
and surface temperature were measured, and 
epiphytic invertebrates were sampled with a 
sweep net. Six sweep net samples were 
taken in each pond (using a D-style dip net, 
l-mm mesh), with the sweep made from the 
blocknet to the edge, perpendicular to the 
long axis of the pond. 

Four hundred bluegills, 35 to 120 mm, 
were stocked into each pond 1 day prior to 
stocking bass. Ten black bass (M. salmoides 
and M. punctuJatus) were stocked into each 
pond. Total length of each bass was mea
sured to the nearest millimeter. Each bass 
was marked by fm clipping in the summer 
run or with anchor tags in the fall run. 

At the completion of the runs, water tem
perature and dissolved oxygen were again 
measured, and plant biomass was estimated 
for each pond. Plant biomass was estimated 
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by collecting twenty D.5-mz samples and mea
suring the wet weight of each sample. Five 
biomass samples from each pond were dried 
in a kiln until all moisture was removed; the 
samples were then measured for dry weight. 

Dry weight was regressed against wet 
weight, and this relationship was used to esti
mate the dry weight of the remaining samples. 
A randomized incomplete block design, with 
blocks being hydri1la samples or nonhydrilla 
samples, was used to determine difference in 
biomass between ponds. 

Each pond was drained, and all the fish 
were collected. Bluegills were stored in 
isopropanol, for counting and measurement 
in the laboratory. Bass were again measured 
for length. The stomachs and sagittal oto
liths were taken from each bass to detennine 
feeding habits and age. Stomach contents 
were soned by taxon, and individual food 
items were counted. Otolith sections were 
mounted as described by Porak, Coleman, 
and Crawford 1986). 

Changes in length of each bass were deter
mined by subtracting the length at the begin
ning of the runs from that at the end. A 
randomized incomplete block design, with 
age of the fish in years as the blocks, was 

_DRAIN E 

• •
• BLOCKNET 

Figure 1. Schematic Of erperlmento.l pond showing dlstributWn ofhydrlUa (shaded areas) 
in lntennMiate-density pond 
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used to detennine differences in growth be
tween ponds. All tests of significance are at 
the P = 0.05 level. 

Results 

During both runs, hydrilla was at or near the 
surface of the water in the planted areas. The 
nonplanted areas of the ID and NH ponds had 
other aquatic plants (e.g., Najas sp. and CluJra 
sp.) that contributed to biomass values. During 
the summer run, the biomass was similar be
tween the NH and the ID ponds, primarily due 
to nonhydrilla plants (Table 1). 

Epiphytic invertebrates were abundant and 
qualitatively similar among ponds and 
sampling periods (Table 2). Total 
numbers were highest in the HD ponds. 

Baetidae (small minnow mayflies) 
were present in all collections and were 
always abundant. Dragonfly nymphs 
(Libellulidae and Corduliidae) and dam
selfly nymphs (Coenagriidae) were 
abundant in all ponds planted with 
hydrilla; Libellulidae and Coenagriidae 
were most abundant in the HD ponds. 
Notonectidae (backswimmers) and 
Hydrophilidae (water scavenger bee
tles) were present in all collections 
but were only occasionally abundant. 

Prey numbers in bass stomachs 
were low and were dominated by in~ 

sects (Table 3). Dragonfly nymphs 
were the dominant food in all ponds, 
and Libellulidae were eaten in the 
largest numbers in the ID ponds. 
Baetidae and Notonectidae were eaten 
in low numbers, but no Hydrophilidae 
were found in the stomachs, 

Bass grew in length an average of 8.3 
nun dwing the 17 days of the summer run 
(Table 4), The NH pond bass showed signifi
cantly slower growth than the ill and the HD 
pond bass (P $ 0.05), however, no difference 
could be detected between the ill and HD 
pond bass (P > 0.05). During the 45 days of 

Table 1 
Dry Weight Biomass of Aquatic 
MacrophY1es In Experimental Ponds 

Denelty 

Dry Weight 

Summer Run 
(g/m2

) 

Fall Run 
(g/m2

) 

No hydrilla 182.4 62.4 

Intermediate 205.2 260,0 

High 33S.4 328.8 

Summer run: 
Dry weight =0.084 x Wet weight + 8.63, R2 =0.85, 
n = 15 

Fall run: 
Dry weight =0.074 x Wet weight + 11.3, R2 =a.gS, 
n,= \3 

Table 2 
Numbers of Invertebrates Collected In Six Sweep 
Net Samples Per Pond 

Summer Fall 

Tuon NH ID HD NH [0 HO 

Ephe meroptera 
Baelidae 1,309 207 418 684 1,241 1,200 
Caenidae 0 0 45 11 52 23 

Odonata 
L1bellulidae 7 310 1,007 1 800 1,097 
Corduliidae 23 345 344 1 423 653 
Cae nagri idae 68 103 390 5 318 680 

Hemiptera 
Notoneclidae 240 13 64 16 58 39 
Belastomatidae 0 7 8 0 8 6 
Corixldae 0 2 17 19 1 7 

Coleoptera 
Hydrophilidaa LV t 5 18 4 3 5 3 
Hydrophilidae A02 7 9 30 14 6 7 
Haliplidae LV 3 35 53 a 4 4 
Dytlscldae LV 6 4 2 2 0 2 
Dytiscidae AD 1 0 0 0 0 0 

Diptera 
Ch\ronomld 25 \41 100 11 43 65 

Total 1,694 1,194 2,502 767 2,759 3,786 

1 Larvae. 
2 Adults. 

the fall run, the bass grew in length an aver
age of 24 mm. The 10 pond bass showed 
significantly faster growth than bass from the 
NH and HO ponds (P ~ 0.05), with no signifi
cant difference detected between the NH and 
HO pond bass (P > 0.05), 
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Table 3 
Mean Number of Food Items 
In Bass Stomachs In Each Pond 

Summer Fall 

HD ID HDNH 10 NHTelCon 

0.2 0.10.0 0.0 0.0Baetidaa 0.0 

0.0 0.9 0.50.0 0.2Aeshnldae 0.0 

0.77 1.40.7 2.9 0.0 0.0L1bellulidae 

Zygoptera
 
unidentified
 0.0 0.1 0.00.0 0.00.0 

0.20.7 0.0 0.0 0.4 0.0Notonectidae 

0.0 0.1 0.0Corlxldae 0.3 0.22 0.0 

0,00.0Belostomalidae 0.1 0.0 0.0 0.0 

0.11 0.00.0 0.0 0.0 0.0Hallplidae larvae 

0.20.11 0.1 0.10.3 0.11Fish 

0.0 0.00.0 0.0 0.0 0.1Astacidae 

Unidentified
 
Insect
 0.10.33 0.0 0.1 0.00.1 

Table 4 
Mean Change In Length of Black Bass, 
by Pond and Age Class 

Summer Run Fall Run 

Age HO 10 HONH 10 NH 
a ~2.0- -- -

6.0 31.0 28.61 10.0 17.0 34.2 

6.0 23.0 18.02 1.0 2.5 -
3 5.0 8.3 16.5 12.511.5 -
4 5.010.5 18.0-- -
Pond
 
Mean
 6.1' 23,112.0 9.9 28.1 2 20.8 

Note: All measuremenls are expressed In millimeters. 
1 Significantly les5 than change in length from 

intermedlate- or high-density pond bass. 
2 Significantly greater than change In length from no

hydrilla or high-density pond bass. 

Difference in growth due to age was signifi
cant in both runs. Using age classes as blocks 
decreased variability and helped to detect dif
ferences in growth between ponds. 

Discussion 

During the summer run, the bass from the 
ill and HD ponds showed significantly greater 
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growth than bass from the NH pond. This 
difference could be due to several factors. 
First, high water temperature was prevalent 
in each pond. The surface temperature of all 
three ponds was 26° C at the start of the run 
and 33° to 34° C at the end. Coutant (1975) 
gives 27° C as an optimum temperature for 
largemouth bass, with growth nearing zero at 
35.5° C. 

In both the ID and HD ponds, the densest 
growth of hydrilla was in the deepest part of 
the pond near the drain (Figure 1). The can
opy formed by the hydrilla inhibits sunlight, 
resulting in cooler temperatures in the ill and 
HD ponds. The NH pond had no plant can
opy, and bass in this pond would not have 
had a thermal refuge. 

The high temperatures and presence of 
aquatic plants had a synergetic effect with 
foraging technique. Largemouth bass search 
for forage at low plant densities but shift to 
ambush strategy as density increases (Savino 
and Stein 1982). Therefore, during periods 
of high water temperature, bass that actively 
search for prey will likely expend more en
ergy and grow slower than bass that wait and 
ambush prey. 

Another factor is availability of food. 
Libellulidae were more numerous in samples 
from the HD and ill ponds than in the NH 
ponds, and Libellulidae were the most com
mon food items in bass stomachs from all 
ponds. 

During the fall run, bass from the ill pond 
again showed the most growth; however, 
bass from the HD pond showed the least 
growth. In this run, temperatures in all three 
ponds varied from a high of 25° to 26° Cat 
stocking to a low of 16° to 17° C at harvest, 
and should not have been a limiting factor. 

The differences in growth may have been 
due to a combination of food availability and 
foraging efficiency. The HD and ill ponds 
again had higher numbers of preferred inver
tebrate food items, while the NH pond was 
again dominated by Baetidae. With lower 
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temperatures, the feeding of bass in the NH 
pond may have been more energetically effi
cient than feeding in the HD pond, where 
plants inhibit the fishes' search and capture 
efficiencies. 

Results of this study indicate that black 
bass grow better, depending on water temper
ature and forage base, in environments char
acterized by intermediate to high plant 
densities and edge areas (sudden decreases in 
plant density) than in areas of uninterrupted 
high-density plants or areas with no plants. 
This' is consistent with other studies that have 
shown aquatic plants to be important to the 
growth of fishes (Aggus and Elliott 1975, 
Wiley et al. 1984). 

Recommendations 
for Future Studies 

The following recommendations are made 
for future studies based on results of this 
study: 

•	 Young-of-the-year largemouth bass 
will be used as the evaluation species 
for three reasons. First, variability in 
growth between age groups will be 
eliminated. Second, counting daily 
growth rings in juvenile fish is easier 
and more reliable than for adult fishes. 
Third, the addition of bluegill as a for
age fish for largemouth bass will be 
eliminated, reducing the number of 
confounding variables that may affect 
fish growth. Invertebrates will be the 
only forage base for juvenile large
mouth bass. 

•	 Experimental treatments will consist 
of two to three plant species (e.g., 
hydrilla and pondweed), each planted 
at the same density. This will reduce 
the problems we experienced with 
maintaining desired plant levels in 
each pond. In addition, the experimen· 
tal design will address an important 

management question of which types 
of plant species optimize the growth of 
fishes. 

•	 Habitat and biotic variables monitored 
during the study will include water 
quality and invertebrate abundance. 

•	 Replicates will be made concurrently 
in different ponds to eliminate the 
need of blocknets and to account for 
seasonal variation within treatments. 
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Ecology of SUbmersed Species 

Habitat Value of Potamogeton nodosus 
in the Saline River 

by 

Andrew C. Miller1 and Edmond J. Bacon2 

Introduction 

Background 

Submersed macrophytes playa major role 
in biological and physical processes in lakes 
and rivers. Typically, macrophytes are more 
diverse and abundant in lentic habitats (stand
ing waters) than in lotic systems (running wa
ters); consequently, the majority of studies 
on submersed macrophytes have been con
ducted on ponds and lakes. Seddon (1972), 
Gregg and Rose (1982,1985), McDennid 
and Naiman (1983), Pandit (1984), Carpenter 
and Lodge (1986), and Miller et al. (1989) 
have reviewed the potential impacts and 
habitat value of submersed macrophytes in a 
variety of habitats. 

Studies in lakes have consistently shown 
that the presence of macrophytes increases in
vertebrate species diversity, density, and pro
duction (Watkins, Shireman, and Haller 1983; 
Engel 1985, 1988; Miller, Beckett, and Bacon 
1989). However, studies in strea.Jnll and rivers 
have shown more varied relationships be
tween macrophytes and macroinvertebrates 
than in lake and reservoirs. 

Minckley (1963) observed the highest 
invertebrate densities on the moss Fissidens, 
intermediate densities on submersed macro
phytes, and the lowest invertebrate densities 
on substrates colonized only by diatoms and 
other algae. Harrod (1964) studied the inver
tebrate faunas associated with four species of 
macrophytes in a chalk stream and found that 
morphology, periphyton densities. chemical 

nature of the plant, and life histories of the 
colonizing animals were important variables 
in detennining densities on macrophytes. 

Pennak (1971) reported that invertebrate 
densities were 3 to 10 times higher in a stream 
with aquatic macrophytes than in a similar 
stream without macrophytes. In a study of 
an oligohaline section of the Hudson River, 
Menzie (1980) concluded that 16 to 35 percent 
of the invertebrate fauna inhabiting a cove 
area was found on MyriophylLum spicatum 
and that chironomids dominated. Rooke 
(1984) conducted a study of the Speed River, 
Ontario, and found that macroinvertebrates 
were higher on rock and cobble substrates 
than on any of the four species of macrophytes 
present. In a subsequent study of the macro
faunas in the Eramosa River, Rooke (1986) 
reported that the highest densities of inverte
brates were found on two species of finely 
dissected aquatic macrophytes and a plastic 
imitation of Elodea. 

Research on the habitat value 
of macrophytes 

As part of the Aquatic Plant Control Re
search Program at the US Army Engineer 
Waterways Experiment Station, studies on 
the habitat value of aquatic plants for macro
invertebrates have been conducted in Arkan
sas, Mississippi, Louisiana, Florida, South 
Carolina, and Wisconsin. Studies have been 
designed to investigate the species composi
tion and density of macroinvertebrates that 
depend directly and indirectly on submersed 
macrophytes. 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS.
 
2 Department of Natural Sciences. University of Arkansas at Monticello, Monticello, AR.
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This paper summarizes results of studies con
ducted in the Saline River, Arkansas. Results of 
studies in other areas will be summarized in fu
ture proceedings of the APCRP; results of past 
studies have been described by Miller, Beckett, 
and Bacon (1989) and Miller, Bacon, and Beck
ett (1990). 

Study Area 

The Saline River is formed by the conflu
ence of four second-order streams in western 
Garland County and flows approximately 207 
km. The study site was located 5.8 km south
west of Rye, AR, at latitude 33°42'03" and 
longitude 92°01'33" on the Saline River in 
Bradley County, AR. This section of the 
river is classified as a third-order stream and 
is located 114 km below its source and 93 km 
above the confluence of the Saline River 
with'the Ouachita River. Stream widths in 
the study area vary from 9.0 rn to 23.2 m dur
ing June to August when discharge levels are 
below 150.0 cfs. A US Geological Survey 
(USGS) gaging station is located at the study 
site, and discharge levels have been recorded 
for calendar years 1987 and 1988 (Moore et 
al. 1989, 1990). 

Two species of submersed aquatic macro
phytes commonly ocelli in the lower Saline 
River. Small stands of curly pondweed 
(Potamogeton nodosus) occur sporadically in 
riffle areas, and scattered stands of water wil
low (Dianthera americana) occur marginally 
along all types of habitats except deep pools. 

Study sites were randomly selected within 
three Potamogeton nodosus beds and adjacent 
riffle areas without aquatic vascular plants (00

plant zones). The sampling stations are desig
nated as R-1, R-2, Rw 3, P-l, P-2, and P-3, with 
the designation R representing a riffle area 
without plants (no-plant zone) and the desig
nation P representing a plant zone. The di
mensions of the plant beds were as follows: 
P-1 (3.1 by 3.7 m); P-2 (7.3 by 11.0 m), and 
P-3 (3.7 by 7.3 m). The distance between p
I and P-2 was 121.9 m. and the distance be
tween P-2 and P-3 was 14.6 m. 
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The selection of three plant zones and 
three no-plant zones and the collection of 
five replicate samples from each area were 
specifically designed for statistical analysis by 
a three-way analysis of variance (ANOVA). 

Methods 

Samples of macroinvenebrates were col
lected at each station on 15 June 1988, 
22 August 1988, and 2 November 1988. Rif
fle areas and plant beds were not accessible 
during the winter quarter because of high dis
charges. Physicochemical parameters includ
ing temperature, pH, dissolved oxygen, and 
specific conductance were measured at each 
collection site using a Solomat MPM 2000 
monitoring system. Total alkalinity and total 
hardness were measured titrimetrical1y. Dis
solved oxygen measurements were verified 
by the azide modification of the Winkler 
method. Current velocities were measured 
with a model 201B Marsh McBimey thermis
tor velocity meter. 

Whole plant samples were collected by 
placing 60 to 200 cm of plant stems into a 
plastic bag. Collections of sediment samples 
and infaunal macroinvenebrates were made 
with a hand-held 9.8-cm coring device de
scribed by Miller and Bingham (1987). Five 
quantitative samples were collected under 
Potamogeton beds and from the nearest riffle 
area with similar velocity. Sediment samples 
were analyzed for particle size distribution 
and total organic content. Infaunal samples 
were screened in the laboratory with a No. 60 
(250-llm mesh) US standard sieve and pre
served with IO-percent fonnalin. Samples 
were stained with a rose bengal solution to 
facilitate separation of invertebrates. 

Macroinvenebrates were removed by 
microscopical examination of all sediments at 
15x magnifications. Organisms were stored in 
70 percent ethanol. Slides of larval chirono
mids and oligochaetes were prepared for identi
fication by the method described by Beckett 
and Lewis (1982). All organisms were identi
fied to the lowest practical taxonomic level. 
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Macroinvertebrate densities found coloniz
ing plant stems and leaves were expressed as 
numbers of organisms per gram of plant dry 
wet at 105° C. Macroinvertebrate species 
richness, species diversity, community com
position, total density, and density of domi
nant taxa were calculated in accordance with 
the methods described by Browe! and Zar 
(1984). Statistical analyses included a three
way ANOYA by the Statistical Analysis Sys
tem, Duncan's Multiple Range, and 
nonparametric analyses. 

Results and Discussion 

Physical analysis 

Typical current velocities in riffle areas 
without submersed aquatic plants were 0.51 
m/sec at the surface and 0.33 m/sec near the 
substrate. In comparison, velocities within 
plant beds ranged from DAD to 0.50 m/sec 
above submersed plants and were reduced to 
0.02 to 0.08 mJsec at the bottom. In most 
cases, current velocities were actually higher 
at the front edge of plant beds than in nearby 
riffles. Increased stream velocities im
mediately above submersed aquatic vascular 
plants have been described previously by 
Fonseca et a1. (1982). These investigators 
reported that seagrass Zostera marina caused 
current velocities to be higher over the sur
face of submersed plants but substantially re
duced inside the plant beds. 

Fonseca et a1. (1982) also noted that 
changes in current velocities per unit depth 
increased with increased plant abundances. 
This phenomenon was attributed to shoot 
bending, which accounted for a redirection of 
current flow and in-canopy reduction of cur
rent velocity. Gregg and Rose (1982) ob~ 

served a similar uend in the Portneuf River 
in southeastern Idaho. 

Discharge levels have been continuously 
monitored at the study site by a USGS gaging 
station. The data used for this study have been 
summarized in Moore et aI. (1989. 1990). Dis
charge during 1987 ranged from a minimum 
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of 9.9 cfs to a maximum of 67,000 cfs, with a 
mean rate of 2,281 cfs. 

During 1988. discharges ranged from 21 
cfs to 59,400 cfs, with an average discharge 
of 4,593 cfs. Typically during late summer 
and early fall, water levels are low with dis
charge levels usually less than 400 cfs with 
monthly mean rates less than 150 cfs. From 
June through August 1988, mean monthly dis
charges ranged from 123 to 130 cfs, and dis
charge levels on the three sampling dates 
were 15 June 1988 (112 cfs), 22 August 1988 
(99 cfs), and 2 November 1988 (157 cfs). 

Sediments were typically sandy gravel or 
gravelly sand with 60 to 70 percent of the 
particles consisting of pebbles, granules, and 
very coarse sand at most collection sites 
(Figure 1). Fine sand and very fine sand ac
counted for 20 percent or more of the total 
sediments at stations P-1 and P-3 located in 
the plant zones, whereas these finer sediments 
accounted for only 8 to 12 percent of all sedi
ments at the other stations. 

70 
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• Rime - With Plants 
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Figure 1. Grain size aTWlysis of sediments 
collected in Saline River, 15 June 1988 

The reduction in current velocities within 
plant beds increased the amounts of finer 
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sediments and organic matter. The percent
ages of organic matter were usually 3 to 6 
times higher in sediments within plant beds. 
Gregg and Rose (1982) reported that macro
phytes affected substrates by increasing the 
amounts of finer sediments and detritus. 

Shallow-water areas were subjected to 
wide fluctuations in temperature, pH, and dis
solved oxygen, in part due to the daily and 
seasonal variations in climate, photosynthetic 
activities, and breakdown of submersed 
macrophytes. 

The following ranges in parameters were 
measured during three sampling dates: tem
perature (1.80 to 31.70 C); pH (6.1 to 7.2); 
dissolved oxygen (5.0 to 14.6 mg/L); discharge 
(9.9 to 67,000 ds); specific conductance (52.5 
to 530.0 J,l.S); total alkalinity (7.0 to 44.0 mg/L); 
total hardness (13.0 to 94.0 mgIL); and turbid
ity (3.5 to 15.0 NTU). Stream discharge varied 
from 21 to 59,400 cfs and averaged 4,593 cfs 
during 1988. Discharge levels on the three 
sampling dates were 112 cfs (15 June 1988), 
99 cfs (22 August 1988), and 157 cfs (2 No
vember 1988). 

Maeroinvertebrates 

Submersed stands of Potamogeton 
nodosus and riffle areas without aquatic vas
cular plants (no-plant zones) in the Saline 
River supported a diverse assemblage of 
macroinvertebrates, including 117 species 
dominated by dipterans (41 species), oligo
chaetes (14 species), clams (13 species), and 
trichopterans (10 species). Within the Order 
Diptera (two-winged insects), the family 
Chironomidae (midges) comprised 36 of the 
41 species and accounted for 35 percent of 
the number of species and 80 to 90 percent of 
the total number of individuals occurring on 
Potamogeton nodosus and 30 to 80 percent 
of the total numbers of individuals occurring 
in areas without aquatic macrophytes. 

Many midges occur in riffle areas and col
onize submersed macrophytes during part of 
the year, whereas some species are entirely 
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restricted to either riffle substrates or plant 
surfaces. These macroinvertebrate communi
ties are discussed as phytophilous (plant
loving) species, which occur on the surfaces or 
burrow within aquatic vascular plants, and as 
benthic (bottom-dwelling) macroinvertebrates, 
which occur in no-plant zones. 

Phytoph 110 us macroinvertebrates 

The number of taxa occurring on submersed 
Pocamogeton varied from a low of 20 taxa on 
15 June 1990 to a maximum of 33 taxa on 
2 November 1988. Of the total 117 species 
occurring at the study site, only 33 taxa were 
collected in the quantitative sampling of 
plant stems and leaves. Macroinvertebrate 
population estimates on individual plants ex
hibited high variances. In most cases, the F
ratio indicated that the variances between 
different series of samples were significantly 
different (P < 0.05). 

Chironomids were the dominant group of 
phytophilous macroinvertebrates, both in 
numbers of species and numbers of individu
als per gram of dry mass of plants. Fifteen of 
the 33 taxa found on submersed macrophytes 
were chironomids, and the group accounted 
for 90.6 percent of all macroinvertebrates 
sampled. 

Menzie (1980) reported that chironomids 
were the most abundant organisms on sub
mersed macrophytes in the lower Hudson 
River. He observed that two different assem
blages occurred, with one group residing pri
marily in the sediments and another living on 
the aquatic plantS. Trichopterans (caddisflies) 
were the next most abundant group, but repre
sented only 3.8 percent of the total density. 

Average numbers of macroinvertebrates 
per gram of dry weight of plant biomass on 
15 June 1988 varied from 565.8 individuals/g 
at station 2 to a maximum of 723.0 individu
als/g at station 1. The mean for 15 samples 
collected on 15 June 1988 was 627.2, with 
dipterans accounting for 93.1 percent of the 
total. 
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Chironomids were the dominant spe
cies at all sampling stations. Individu
als of Rheotanytarsus exiguus numbered 
334.5 per gram and represented 59.1 per
cent of all macroinvertebrates and 64.5 
percent of all chironomids occurring on 
Potamogeton nodosus at station 2. The 
next-most abundant macroinvertebrates 
were Polypedilum convictwn, 
Thienemanniella xena, and Cricotopus 
bicinctus. Mean numbers of macroinvene
brates per gram dry weight of 
Potamogeton nodosus at station 2 (which 
was similar to stations 1 and 3) are shown 
in Table 1. 

On 22 August 1988, mean densities 
of macroinvertebrates varied from 340.3 
to 579.4 individuals/g with an average 
of 472.3 individuals/g for all samples at 
the three sites. The highest densities oc
curred at stations 2 and 3 on 2 Novem
ber 1988, at which time the average 
numbers per gram ranged from 1,369.8 
to 1,780.7. The standing crop of 
macroinvertebrates at station 1 was only 
262.2 individuals/g; this low density 
lowered the mean for the 2 November 
1988 sampling to 1,138.3 individuals/g. 

The reasons for the lower density at 
station 1 are not fully understood. Some 
possible explanations include fluctuat
ing water levels, inhibition by more in
tense solar radiation, increased 
predation from fishes, and habitat distur
bance from recreational activities. The 
depth of the Potamogeton bed at station 
1 was considerably less than at the other 
stations, and it is possible that fluctuat
ing water levels caused the plants to be 
partially or completely exposed for an 
unknown period. 

Rheotanytarsus exiguus was the domi
nant chironomid on both the 15 June 
1988 and 22 August 1988 sampling 
dates; however, on 2 November 1988 
Polypedilum convic cum was dominant, 
with 1,048.3 individuals/g. Po/ypedilum con
vicrum accounted for 58.9 percent of macro-

Table 1 
Mean Numbers of Macrolnvertebrates 
Pet Gream of Potamogeton nodosus 
at Station 2, Saline River 
Taxon 15 Jun 88 22 Aua 88 2 Nov 88 
Hydra sp. 0.0 0.3 0.0 

Macrostomum so. 00 0.0 0.4 
Tvlenchus sp. 3.0 0.0 1.1 

Dero nivea 0.0 0.0 2.8 

Nsis communis 6.7 0.3 18.3 
Prlstina leidyi 0.0 7.0 5.2 

Pristinella osborni 0.0 0.0 0.4 

Hvdracarlna 5.1 5.9 2.9 

Bae/is 8ohioDiatus 0.0 11.8 0.8 

Caenis hi/aris 1,9 0.0 0.8 
Tricorythodes alratus 0.0 15.0 0.6 
Neoperla sP. 0.0 00 0.7 
Taeniopreryx burksi 0.0 0.0 30,6 

Cheumatopsyche sp. 3.6 8.9 9.8 

Chimarra obscure 0.0 0.5 0.5 
Brachycentrus sp. 3.3 0.2 0.3 
Ceraclea so. 0.0 0.0 0.4 
NectoDSYche SP. 0.0 0.0 3.7 
HydrO/Jrila sp. 10.2 2.7 8.7 

Oxyethira sP. 0.0 2.1 0.2 
Lep/ocerus americanus 0.0 0.0 0.1 
Aeentria SP. 1.8 0.4 0.5 
PetroDhila sp. 0.0 2.5 0.8 

HaliDlus so. 1.S 0.0 0.0 
Stenelmis humerosa 9.9 2.9 0.1 

Ablabesmyia /Jaraianta 5.6 2.1 0.0 
Labrundlnia pilose//a 0.0 2.1 0.0 
Nilolanypus fimbriatus 0.0 1.4 0.0 
Thienemannimvia sp. 5.6 0.0 7.0 

Corvnoneura celer/Des 8.4 2.1 0.0 
CricotoDuS bicinclus 36.3 0.3 389.4 

Thienemanniella fi5CB 5.6 0.7 1.7 
Thienemanniella xena 50.2 9.8 48.6 
Cryprochironomus fulvus 0.0 0.7 0.0 
Polypedifum convlctum 61.3 11.9 1,048.3 
PoJypedilum scafaenum 0.0 0.7 0.0 
Tan}f1arsus coffmani 5.6 0.7 0.0 
Tanytarsus olabrescens 0.0 0.0 8.7 
Tanytsrsus Querlus 0.0 0.7 0.0 
Rheo/anytarsus exiguu$ 334.5 242.7 166.9 
Beuia sp. 3.7 0.4 9.4 
Simulium SP. 1.9 4.5 7.9 

Diplera pupae 0.0 0.0 2.0 
Total 566.0 341.3 1,779.6 

invertebrates on 2 November 1988, and Crieo
topus bicinctum (with 389.4 individuals/g) 
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comprised 21.9 percent of the total. The win
ter stonefly (Taeniopteryx burksi) was the 
founh most abundant organism, with 1.7 per
cent of the total. The eggs of this species un
dergo diapause, and early instars typically 
appear in early to late fall. 

Naidid oligochaetes were not as abundant 
in this lotic habitat as has been reponed in 
some other studies. The most commonly oc
curring oligochaete was Nais communis, with 
18.3 individuals/g and 1.0 percent of the total 
population on 2 November 1988. 

Macroinvertebrate taxa that were collected 
only on Potamogeton nodosus included the 
lepidopterans Acemria sp. and PetrophiIa 
sp. and the caddisflies Oxyethira sp. and 
8rachycentrus sp. Neclopsyche sp. was 
predominantly found on submersed aquatic 
macrophytes and was most abundant on 
2 November 1988. Berg (1949) reared 32 spe
cies of insects from Potamogeton and noted 
that Potamogeton spp. supponed a large, het
erogeneous fauna that were intimately or 
obligatorily related to living plants. McGaha 
(1952) expanded Berg's earlier study to in
clude the relations of insects to 13 species of 
plants. 

A one-way ANOV A and the nonpara
metric Kruskal-WaHis tests of significance 
indicated that phytophilous macroinvertebrate 
means or populations were significantly dif
ferent (P < 0.05) for the three dates, but den
sities between sampling stations were not 
significant (P > 0.05) for all samples col
lected on the three dates. 

Although the species richness was moder
ately high, the Shannon diversity indices were 
generally low. These values ranged from 1.9 
on 2 November 1988 to 2.3 on 15 June 1988 
because of the dominance of one species of 
chironomid, which represented 60 to 90 per
cent of the total number of individuals. 

Benthie macroinvertebrates 

The benthic areas in a zone without and 
with plants supported a diverse assemblage 

Ecology of Submersed Species 

of 117 species of macroinvenebrates domi
nated by larval chironomids, oligochaetes, 
and clams. The mean numbers of organisms 
per square meter (individuals/sq m) in a no
plant and plant zone are summarized in 
Tables 2 and 3, respectively. As was the case 
in phytophilous samples, standard deviations 
were typically ;?:50 percent of the sample 
densities. 

Despite high sample variances, some defi
nite seasonal trends and macroinvenebrate
plant associations were apparent. The mean 
density of macroinvertebrates from 45 sam
ples collected in the plant zones was 49,030 
individuals/sq m compared to a mean of 
46,726 individuals/sq m in nearby riffle areas 
without macrophytes. 

A three-way ANOYA indicated that the 
two population means were not significantly 
different (P > 0.05). A Duncan's Multiple 
Range Test of significance indicated that the 
sample means on 2 November 1988 in both 
plant and no-plant zones were significantly dif
ferent (P < 0.05) from sample means collected 
on 15 June 1988 and 22 August 1988. Sample 
densities in riffle areas ranged from a low of 
18,322 individuals/sq m at station R-2 on 
22 August 1988 to a high of 87,155 individualsl 
sq m at station R~1 on 2 November 1988. 

Dipterans accounted for 30 percent or 
more of the total numbers of individuals 
throughout the sampling duration but gener
ally constituted more than 50 percent of the 
total. On 15 June 1988, dipterans contrib
uted 70 to 82 percent of the total density in 
riffle areas; oligochaetes and pelecypods ac
counted for less than 10 percent of the total. 

On 22 August 1988, dipterans constituted 
only 30 to 36 percent, while oligochaetes 
represented 10 to 16 percent and pelecypods 
comprised 26 to 38 percent of the total in the 
riffle samples. The Asiatic clam Corbicula 
fluminea represented more than 98 percent of 
the pelecypods in all samples. Dipterans 
were again dominant on 2 November 1988, 
and represented 49 to 59 percent of the total 
density. 
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Table 2 
Mean Numbers of Benthic Macrolnvertebrates per 
Square Meter In Riffle (No-Plant Zone) 
at Station 2, Saline River 
TlIxon 15 Jun 1988 22 Aua 1988 2 Nov 1988 

Hydrssp, 27 0 0 

MscroslOmum sp. 0 0 398 

Nematoda 159 159 530 

Gordius sp. 27 0 0 

Dero furcata 39 0 0 

Dero nivea 670 201 5,093 

Nals communis 0 0 375 

Pristina leidyl 158 100 643 

Pristina srnclites 158 1,003 268 

Pristineila ienk.inae 0 0 54 

Pristineila osborni 118 0 643 

Sty/aria iacus/ris 79 0 0 

Branch/ura sowerbyi 0 50 429 

Tubilicidae w/caps 1 39 151 483 

Tublflcidae wlo caps2 197 351 1,823 

Elimiasp, 0 0 53 

Gyrs/us sp. 0 0 27 

Physefla sp. 27 0 0 

Corbicu/a f1uminea 2,015 6,867 15,431 

Hydracarina 265 0 398 

Baelisca Jacuslfis 0 0 27 

Baelis ephippialUs 345 106 0 

Caenis hilaris 1,061 1,511 265 

Leucrocuta hebe 212 106 27 

Haxagenia limbata 0 27 0 

Trlcorythodes a/ralus 53 239 557 

Oph~gomphuswas"mH 0 159 27 

Progomphus obscurus 27 0 0 

NeofJer/a sp. 0 0 265 

Parline/la drymo 265 0 27 

Taeniopteryx burk.si 0 0 292 

Coryda/us cornutus 27 0 0 

Ceraclea sp. 424 106 1,140 

Cheumatopsyche sp. 981 0 53 

Chimarra obscura 1,220 0 0 

Hydrop/ila sp, 106 133 902 

Leplocerus amer/canus 0 0 27 

Dineutus serruialUs 27 0 0 

Peltodyfes 
sexmancu/alus 27 53 0 

Stene/mis humerosa 928 1,459 3,420 

Abiabesmyia paraian/a 712 325 , ,075 

Labrundinia pi/osella 596 0 144 

Nilotanypus fimbriatus 293 0 71 

1 Immalure and not identifiable, with capilliform chae1a. 
2 Immature and not identifiable, without capilliform chaeta. 

(Continued) 

Mean population densities in the 
riffle samples on 15 June 1988 and 
22 August 1988 were 34,161 and 
27,259, respectively, compared to 
42,258 and 49.841 individuals/sq m 
in the plant zones. However, on 2 
November 1988, the macroinverte
brate density was higher in the riffle 
areas (no-plant zones) than in the 
plant zone. The mean of 15 samples 
in riffle areas was 78,758 individu
als/sq m compared to a mean of 
54,992 individuals/sq m under the 
Potamogeton bed. 

The reasons for this phenomenon 
are not fully understood, but it is 
likely that the high discharge levels 
during the winter, spring, and early 
summer, in combination with the 
highly unstable sandy gravel sub
strates, limit macroinvertebrate colo
nization in the riffle areas where 
current velocities are high. 

The Potamogeton beds stabilize 
the substrate during these times of 
stress and provide food and shelter 
for macroinvertebrates. By the end 
of summer and early fall, discharge 
levels are typically below 100 cfs 
for an extended time period and 
allow substrates in riffle areas to sta
bilize. In addition, dense growths of 
diatoms and filamentous green algae 
dominated by Spirogyra develop dur
ing late summer and fall and provide 
an abundance of food for 
macroinvertebrates. 

Sandy substrates are generally re
garded as poor habitats, with low 
population densities and diversities 
(Hynes 1970). The sandy-gravel 
substrate in the Saline River is 
highly unstable during high-discharge 
periods, and the substrate composi
tion and velocity are important con
trolling factors in the standing crop 
of macroinvertebrates. 
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Table 2 (Concluded) 
Tuon 15 Jun 1988 22 Aug 1988 2 Nov 1988 

Proc/adius sub/enei 0 195 3,010 

Thienemsnnimyia sp. 2,575 325 108 

Corynoneura celeripes 2,575 65 0 

Corynoneurs faris 0 0 108 

Crlc%pus bicincfus 532 65 3,655 

Cricofopus rremulus 0 0 lOB 

arrhoe/adius sp. 0 0 108 

Nanoe/adius r8c!inervis 267 0 0 

Synorthocladius 
semiverens 355 0 108 

Thienemanniel/s xena 889 0 645 

Cryptochironomus 
fulvus 1,421 1,039 1,935 

Dicro/endipes 
neomodestus 0 0 880 

Microrendlpes so. 0 65 215 

Po/ypedilum convicrum 3,996 390 4,623 

Po/ypedilum scslsenum 7,370 519 1,183 

Robackis demeijerei 799 0 108 

Sric toehironomus 
devinetus 712 455 108 

Paralanytsrsus sp. 267 1,169 968 

Tanytarsus coffmani 90 0 0 

Rheotany/arsus ex/gulls 346 65 2,150 

StempeJlinelia sp. 1,154 390 4,300 

Tanytarsus glabrescens 977 0 2,903 

Tanytarsus guerlus 532 0 988 
Bezzla sp. 875 477 2,917 

Simulium sp. 27 0 0 

Total 37,041 18,325 66,055 
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Mean population estimates ranged 
from a low of 25,720 individuals/sq 
m at station P-l on 15 June 1988 to a 
maximum of 66,659 individuals/sq m 
at station P-1 on 2 November 1988. 
Mean densities for the sampling dates 
were as follows: 42,258 (15 June 1988), 
49,841 (22 August 1988), and 54,992 
(2 November 1988). 

Some plant-macroinvertebrate 
associations were apparent in that the 
densities of nematodes, oligochaetes, 
and pelecypods were higher in ben
thic zones under Potamogeton 
nodosus. The densities of mayflies, 
stoneflies, and caddisflies were 
higher in the riffle areas or no-plant 
zones. Density of chironomids var
ied depending on habitat type, and 
appeared to be unrelated to presence 
of the plants (Figure 2). 

Mean numbers of oligochaetes in 
the riffle and plant zone combined 
samples were 6,494 and 13,596 indi
viduals/sq m, respectively (Figure 3). 
A one-way ANOVA test of signifi
cance indicated that the means were 
significantly different (P < 0.01), 
and a Kruskal-Wallis nonparametric 

30,000 
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~ '" 
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Figure 2. Distribution of larval chirononUds Figure 3. Distribution ofoligochaetes 
in Saline River in Saline River 
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Table 3 
Mean Numbers of Benthic Macrolnvertebrates 
per Square Meter under Potsmogeton nodosus 
(P = Plant Zone) at Station 2, Saline River 
TlIlon 15 Jun 1988 22 Aua 1988 2 Nov 1988 

Hydra sP. 0 0 0 

Macrostomum so, 27 0 106 

Nematoda 424 504 689 

Gordius so. 0 0 0 

Oero (uresIs 0 83 170 

Oero n/vea 5,837 3.165 3,735 

Nals communis 0 0 170 

Prislins/e!dvl 5,906 1,999 1,613 

Prislins sYnc/ltes 278 0 85 

Prls//nella !enkinae 0 0 0 

Prlslinells osborni 347 0 424 

Sty/aria /acuslr!s 0 0 0 

Au/odri/us piaue/i 0 83 0 

Branch/ura sowerbyi 0 0 849 

lIyodrilus lemoleloni 0 0 as 
Limnodri/us hoffmeister! 0 a 170 

Tubificidae w/caps 0 0 509 

Tubificidae wlo caps 3,752 2,249 3,565 

Ancy/us so, 0 0 53 

E/im!a sp. 0 27 0 

Gyra/ussp. 0 0 0 

PhyseJJssp. a 0 0 

Actionais Jigamenlina 27 0 27 

Corbiou/a flumines 3.553 17,235 8,591 

Elliptio di/atata 80 0 27 

Hydracarina 80 159 265 

Bae//sea /acustris 0 0 0 

Baetis ephippiatus 0 106 0 

Caen/s Marls 133 1,405 345 

Leucrocu/a hebe 27 133 0 

Hexagenia /imbata a 80 0 

Trlcorylhodes SlralUs 53 371 265 

Argia trans/ata 0 27 27 

Oph/ogomohus wes/talli 53 53 27 

Pro90mphus obscurus 0 0 27 

Neoperls sp. a 0 a 
Perlinella drymo 27 0 a 
Taeniopteryx buries! 0 0 106 

Cerac/ea sp. 80 504 451 

Cheuma/opsyche sp. eo 53 27 

Chimarra obscura 27 53 0 

Hydroprila sp. 186 53 371 

Leptocerus amer/canus 27 0 27 

Nectopsyche sp. 0 27 159 

Oineutus serrulalus 0 0 0 

Peltodytes 
sexmancu/atus 27 0 0 

(Continued) 

test of significance indicated that 
the populations were significantly 
different (P < 0.001). 

Although the sample means of 
pelecypods in the riffle samples and 
plant zone samples were 7,247 and 
10,794, respectively, the means and 
populations were not significantly 
different (P > 0.05). Sample means 
and populations of other macro Inver
tebrates in the two zones were also 
not significant (P > 0.05). 

Summary 

Complex interactions of water 
and sediments with submersed 
macrophytes in flowing waters may 
significantly alter the physical 
environment by affecting current 
velocity, modifying sedimentation 
patterns and substrates, stabilizing 
or destabilizing habitat structures, 
modifying temperature regimes, and 
influencing available light. Macro
phytes in lotic habitats have been 
reported to modify current flow pat
terns and to physically alter habitats 
to the extent that depositional pat
terns and accumulations of silt, sand, 
and particulate organic maner dif
fered in areas with plants (Fonseca 
et al. 1982, Gregg and Rose 1982). 

Aquatic plants in lotic systems 
have a measurable effect on physi
cal conditions. In the Saline River 
the percentages of organic matter 
and fine-grained sediments were 
higher in the macrophyte beds than 
in the adjacent riffles. However, 
biotic differences did not always 
follow predictable patterns. Some 
macroinvertebrate species were en
tirely restricted to locations on or 
beneath submersed macrophytes, 
whereas others occurred only in 
riffle areas without macrophytes. 
Populations exhibited seasonal peri
odicity in response to variations in 
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Table 3 (Concluded) 
TalCon 15 Jun 1988 22 AUQ 1988 2 Nov 1988 

Stene/mls hvmerosa 159 2,678 1,830 

Ablabesmyia malloehi 0 100 0 

Ab/abesmyia parajanla 227 100 224 

Labrundinia pilose//s 51 316 0 

NiJotanypus flmbri8IUs 25 136 0 

Procledius subleftei 76 201 672 

Th/enemannimyis sp. 303 954 75 

Corynoneura celeripes 531 1,104 0 

Corvnoneura rarls 0 0 0 

Crlc%pus bicinetus 0 100 1,569 

Crlcoropus /remulus 0 0 0 

Orthoc/sdius sp, 0 0 149 

Nanoe/adlus reclinervis 227 0 0 

Psrskiefferlella SP. 0 50 0 

Synor1hocladius 
semiverens 0 0 149 

Thlenemanniella fusca 0 0 75 

Thienemannie//s xena 152 151 822 

Cryptochironomus 
fu/vus 2,122 3,712 448 

Dicro/endipes 
neomodestus 0 0 672 

Microtendipes sp. 0 0 0 

Po/ypedilum eonvietum 3,032 3.210 4,183 

Polypedilum sca/aenum 4,168 2,909 1,868 

Robackia demeiierei 152 251 0 

Stictochironomus 
devine/us 4.0\7 552 0 

Paratanytarsus sp. 0 602 75 

Stempel/inella sp. 1,440 5,568 747 

Tanytarsus coffmani 76 0 0 

Rheo/anytarsus 8xiguus 1,213 502 1,942 

Tanytarsus glabresoons 76 50 1.643 

Tanytarsus gusr/us 834 301 224 

Bezzie sp, 451 822 1,246 

Simulium sp. 80 0 0 

Oiplera pupae 0 0 27 

Total 40,443 52,821 41,605 

temperature, available light, current veloci
ties, available food, and biotic factors. 

The most clear-cut beneficial effects of the 
plants were noted with the aquatic worms, or 
Oligochaeta. Densities of these organisms 
were always higher in vegetated rather than 
nonvegetated areas. Conversely, chironornid 
densities were variable and did not appear to 
be affected by presence of aquatic plants. The 
ability of these organisms to enter the drift 

and their areal mode of colonizing 
new habitats had a stronger influ
ence on their distribution than did 
the substrate-stabilizing effects of 
macrophytes. 
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Phosphorus Exchange Between Littoral and Pelagic
 
Zones During Nighttime Convective Circulation
 

in Eau Galle Reservoir, Wisconsin
 

by
 

William F. James' and John W. Barko l
 

Introduction Horsch and Stefan (1988) and Stefan, 
Horsch, and Barko (1989) showed that during 
calm, cold nights, littoral water cools moreIdentification of internal and external 

phosphorus (P) sources to the epilimnion of rapidly than pelagic water, due to volume dif

lakes is fundamental to our understanding of ferences, resulting in horizontal temperature 
grad ients. Under these conditions, littoraleutrophication. Most investigations of inter

nal P loading have focused on P release from water can move as an undercurrent below the 

anoxic, hypolimnetic sediments (e.g. Mortimer warmer pelagic water, inducing a circulation 
1971; Theis and McCabe 1978; Niirnberg pattern that transports P. Based on studies 

1984, 1987; Riley and Prepas 1984; Ntimberg employing use of a fluorescent dye, we 

et a1. 1986). Hypolimnetic P can be trans examined on twO dates convective circula

poned to the epilimnion via wind-driven tion patterns and P flux between the littoral 

mixing (e.g. Stauffer and Lee 1973; Konmann and pelagic zones of Eau Galle Reservoir. 

et a1. 1982; Stauffer and Armstrong 1984; 
Stauffer 1985,1987; Effler et al. 1986) and/or Methods 
turbulent eddy diffusion (e.g. Jassby and 
Powell 1975, Imboden and Emerson 1978, Eau Galle Reservoir is a small, dimictic, 
Robards and Ward 1978, Stefan and Hanson eutrophic US Army Corps of Engineers im
1981, Wodka et al. 1983). poundment located in west-central Wisconsin 

(Figure 1). External P loading occurs primar
Horizontal P transpon from the littoral ily during spring and autumn, with most of 

zone to the pelagic epilimnion may be an im the inflow (80 percent) occurring from the 
ponant internal P loading mechanism as well Bau Galle River. External P loading is usually 
(Prentki et at 1979, Drake and Heaney 1987). minimal during summer stratification, al
While the littoral zone may serve as either a though freshets do occur with some frequency 
sink (Patterson and Brown 1979, Wetzel (Kennedy 1987). Internal P loading usually 
1979) or a source of P (Barko and Smart dominates during summer stratification, with 
1980; Carpenter 1980; Landers 1982; Smith anoxic, profundal sediments accounting for 
and Adams 1986), horizontal P transpon has much of this load (James, Kennedy, and 
been difficult to quantify, due to inadequate Gaugush 1990; James, Barko, and Taylor, in 
information on hydraulic exchange between press). Submersed littoral vegetation is ex
the littoral and pelagic zones. Two known tensive around the perimeter of the reservoir 
mechanisms that poten tially mediate horizon with dry mass densities reaching 500 g m-
tal P transpon are wind-driven circulation in some areas (Filbin and Barko 1985). 
(Weiler 1978) and convective circulation in CeratophyLJum demersum L. and Pota
duced by nighttime cooling (Horsch and Ste mogeron spp. dominate the littoral assemblage. 
fan 1988; Stefan, Horsch, and Barko 1989). 

US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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0/ Eau Galle Resenolr and transect
 

(heavy line) and station locad()ns
 
(soUd circles) in the northwesl bay.
 
(Shaded area represents regwns
 

o/macrophyte growth)
 

Two studies (25-26 July and 12-13 Sep
tember 1988) were conducted in the north
west bay area of the reservoir to estimate 
hydraulic and P exchange between the littoral 
and pelagic zones during periods of night
time convective cooling (Figure 1). Air tem
perature, wind speed, and wind direction 
(Omnidata International equipment) were 
monitored at hourly intervals at a station lo
cated 1 km from the study site. 

A transect was established in the vege
tated region of the bay, perpendicular to the 
slope of the basin, using posts driven into the 
sediment at approximately 25-m intervals. 
Buoys were placed in the deeper pelagic re
gion at 10- to 20-m intervals to extend the 
transect into the open water. By attaching 
rope to the posts, boats could be pulled into 
the vegetated region with minimal distur
bance to the water column. All stations and 
distances along the transect were surveyed 
using a transit. 

Stations for water sampling in the littoral 
zone (s t. 1-4, Figure 1) were located 165, 
110,55, and 0 m from the I-m contour, while 
pelagic stations (st. 5 and 6) were located at 
the 2- and 4-m depth contours. All stations 
were monitored for temperature, dissolved 
oxygen, and pH at approximately 2000, 
2400,0400, 1000, and 1400 hr during each 
study. Stations 2-6 were sampled for P 
analyses at 2400 hr. 

Temperature, dissolved oxygen, and pH 
were measured at 25-cm intervals at stations 
1-4, and at 50-em intervals at stations 5 and 6 
with a Hydrolab Surveyor n. Dissolved oxy
gen was calibrated against Winkler determi
nations, and pH was calibrated using known 
pH buffer solutions (American Public Health 
Association (APHA) 1985). Samples for P 
analyses were collected with pneumatically 
driven close-interval syringe samplers 
(James, Kennedy, and Gaugush 1990). Each 
sampler consisted of a copper tubing mani
fold with syringes attached to ports located at 
25-cm intervals. Samples were collected at 
these depth intervals from the surface to near 
the bottom (approximately 10 em above the 
sediment-water interface) at the stations lo
cated in the Jinoral zone (st. 2-4) and at sta
tion 5. Samples were collected at these depth 
intervals at station 6 between the surface and 
3-m depth in July, and between the surface 
and 4-m depth in September. 

Samplers in the littoral zone were de
ployed on a stake and left undisturbed for 4 hr 
before collection to minimize the effects of 
any disturbances created during deployment. 
Total phosphorus (TP) was analyzed colori
metrically on a Technicon Autoanalyzer IT 
after digestion with potassium persulfate 
(APHA 1985). 

Rhodamine WT (Crompton and Knowles 
Corporation, USA), a red fluorescent dye, 
was placed in the littoral zone near the edge 
of the macrophyte bed (i.e., littoral-pelagic 
interlace; Figure 1) at 2100 hr during each 
study to examine hydraulic exchange during 
the nighnime cooling period. The dye was 
placed in this location to observe both forward 
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(i.e., into the pelagic zone) and reverse (i.e., 
into the littoral zone) movement. Dye (300 ml) 
(2.4 g L-1

) was thoroughly mixed with ap~ 
proximately 100 L of lake water collected 
unifonnly with a pump and hose from all 
depths of the l-m deep station. The dye mix
ture was then pumped back into the water col
umn at all depths by continuously moving the 
hose up and down. Initial concentration mea
surements indicated that the dye was evenly 
distributed in the water column at 500 to 
1,000 ~g L- I

. 

Dye movement from the injection location 
was tracked with a Turner Designs Fluorome
ter (model No. 10-005R) calibrated with 
known Rhodamine WT dye standards, ranging 
from 0.48 to 480 ~g L-1. Untreated lake water 
typically had a background fluorescence of 
0.2 ~g L-I. The detection limit for dye concen
tration was arbitrarily set at 0.5 ~g L -1 from a 
comparison of a 0.48-~g L· t dye standard 
and untreated lake water measurements. 

The forward and reverse leading edges 
of the dye cloud were tracked at 2- to 4-hr 
intervals for 20 to 24 hr after injection. To 
find these leading edges, fluorometric mea
surements were taken at 0.10- to O.25-m 
depth intervals and 5- to 10-m horizontal 
intervals along the rope transect in the litto
ral zone and at buoyed stations in the pelagic 
zone. These edges were located to within 
±5 m. In addition, measurements were made 
at lateral stations, although less frequently, 
to track movement relative to the slope of the 
basin. 

Forward and reverse flow velocities (m 
sec-I) were calculated as the distance of the 
leading edges of the dye cloud from the ini
tial injection point divided by time. Use of 
the edges of the dye cloud in the calculation 
reflected maximal velocities. Forward and re
verse volumetric flow rates (m3 hr- l

) through 
the littoral-pelagic interface were estimated 
for the entire reservoir as the product of flow 
velocity, vertical expanse of the dye cloud 
leading edges, and horizontal length of the 
littoral-pelagic interface divided by time. 
The littoral-pelagic interface length was 

equivalent to the lateral distance of the outer 
edge of the macrophyte beds around the reser
voir (about 1,000 m; see Figure 1). Here, we 
assumed that dye movement and, therefore, 
flow velocities were similar along the entire 
length of the littoral-pelagic interface. 

Total phosphorus exchange rates (g hr- l
) 

into the pelagic zone were calculated as the 
product of forward volumetric flow rates and 
horizontal and depth-weighted TP concentra
tions obtained from stations 2-4. The TP ex
change into the littoral zone was calculated 
similarly as the product of reverse volumetric 
flow rates and weighted concentrations ob
tained from stations 5 and 6. TP concentra
tions were weighted horizontally with respect 
to length between stations along the transect. 

Areal daily TP exchanges (mg m-2 day-I) 
into and out of the littoral zone were calcu
lated as the product of TP exchange and the 
time period of daily maximal convective cir
culation divided by the reservoir's surface 
area (0.6 km2

). Net areal daily TP flux was 
calculated as the difference between littoral 
and pelagic areal daily TP exchange. 

Results 

Temperatures dropped substantially during 
the nights of both study periods (Figure 2). 
Wind speed decreased to near zero between 
2100 hr on 25 July and 0900 hr on 26 July, 
then increased during the day of 26 July from 
a southerly direction. During the September 
study period, wind speed declined to near zero 
between 0200 hr and 0900 hr on 13 September, 
then increased from a northerly direction dur
ing that day. 

At 2000 hr on 25 July, the littoral zone was 
stratified with warmer surface temperatures 
than those of the pelagic zone (Figure 3). 
During nighttime cooling on this date, littoral 
stratification was disrupted, and the entire ep
ilimnion cooled to about 24° C by 2400 hr. 
The littoral zone cooled further by 0400 hr 
on 26 July, resulting in marked horizontal 
temperature gradients. By 1000 hr on 26 July, 
intrusion of cooler water from the littoral 
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zone occurred between the 1- and 3-m depths 
of the pelagic zone (Figure 3). The littoral 
zone was again stratified by 1400 hr on 26 
July, and exhibited warmer surface tempera
tures than those of the pelagic zone. 

In contrast, cooler autumnal weather gen
erated lower water column temperatures in 
September. During the September study pe
riod, water temperatures were nearly uniform 
at 1930 hr on 12 September (Figure 4). How
ever, nighttime cooling established horizon
tal temperature gradients between the littoral 
and pelagic zones by 0500 hr on 13 Septem
ber. Daytime warming again generated 
nearly uniform water temperatures by 1000 hr 
on 13 September. Littoral surface water 
warmed further than that of the pelagic zone 
by 1400 hr on this date. 

During both study periods, the dye cloud 
moved as a bottom current from the littoral 
to the pelagic zone (Figure 5). Although 
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consistently 25 cm in vertical expanse, the cloud the two study periods (Figw-es 3 and 4), the 
moved as an intetflow current at different interflow occurred at 2.5 m in July and at 4 m 
depths in July and September. Due to differ in September. During both study periods, re
ences in pelagic thennal stratification between verse dye movement occurred in the upper 
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75 cm of the water column 
(Figure 5). Observations of 
lateral dye concentrations indi
cated that forward and reverse 
dye movements were centered 
on the transect during both 
sampling periods. 

Movement of both leading 
edges occurred linearly with 
time during both study peri
ods until approximately 1000 
hr (Figure 6). Thereafter, dye 
movement slowed, coincident 
with littoral zone heating and 
stratification. Volumetric 
flow rates were estimated 
based on the observations dw
ing both study periods that the 
bottom 0.25 m of the littoral 
water column moved in the 

Table 1 
Estimation of Volumetric Flow Rates Into the Littoral 
and Pelagic Zones Based on Observations of Dye 
Movement on 25-26 July and 12-13 September 1988 

Direction of 
Movement 

Flow 
Velocltx 
m3 aec' 

Vertical 
Expanae 
m 

Flow Velocity 
x Expanse 
m3 m-' Bec"' 

VolumetrIc 
Flow Rllte' 
m3 hr" x 103 

25-26 JUly 1988 

Littoral Zone 0,00049 0.75 0,0004 1.3 

Pelagic Zone 0.00108 0.25 0.0003 1.0 

12-13 September 1988 

Littoral Zone 0.00033 0.75 0.0002 0.9 

Pelagic Zone 0.00124 0,25 0,0003 1.1 

1 The volumetric flow rate is the product of flow velocity (adjusted 10 
hours). vertical expanse of measurable dye in the water column, 
and the length of the littoral-pelagic interface (about 1.000 m) at 
the ouler edge of the macrophyte beds divided by time. 
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3 hr- t 

but venical and horizontal gradients 
in TP were less apparent (Figure 7). 

Total phosphorus from the bot
tom 0.25 m of the littoral zone was 
assumed to move with dye in the 
forward direction, while TP in the 
top 0.75 m of the pelagic zone was 
assumed to move in the reverse di
rection to estimate TP exchange 
rates between the littoral and pelagic 
zones. Overall, hourly rates of both 
forward and reverse TP exchange 
were greater in July than in Septem
ber (Table 2). Forward and reverse 
TP exchange rates were converted 
into areal daily TP exchange rates 
based on the observation that dye 

forward direction, the top 0.75 m of the pe m . Estimated turnover time of the litto
lagic water column moved in the reverse di ral zone, assuming a volume of 97,000 m3 

, 

rection, and the length of the was 3 to 4 days during both study periods. 
littoral-pelagic interface was 1,000 m. 

Elevated TP concentrations occurred in 
Estimated volumetric flow rates were very the littoral zone above the sediment-water in

similar in both directions during each study terface during the night of 26 July (Figure 7). 
period, indicating an approximate balance in Concentrations of TP were lower at similar 
the hydrologic budget (Table 1). The com depths in the pelagic zone on this date, indi
bined mean of both forward and reverse volu cating the existence of horizontal as well as 
metric flow rates for both studies was 1,100 venical gradients. Not only were TP concen

uations much lower in September, 
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Est '~;: 

movement, and there
fore maximal flow 
velocity, occurred 
over approximately 12 
hr (Figure 5), spanning 
the nighttime and morn
ing (2200-1000 hr). 

Areal daily TP ex
change to the pelagic 
zone was greater than 
to the littoral zone dur
ing both the July and 
September study peri
ods (Table 2). Thus, a 
net areal daily TP flux 
to the pelagic zone oc
curred during both 
studies. The net TP 
flux to the pelagic 
zone was much greater 
in July than in September, due to the existence 
of higher TP concentrations above the littoral 
sediment-water interface in July (Table 2). 

Discussion 

The dynamics of water movement during 
nighttime cooling periods in July and Septem
ber provide a mechanism for horizontal P 
transport: to the pelagic zone of Eau Galle Res-

Table 2 
Estimation of TP Exchange between the Littoral and PelagIc 
Zones on 25-26 July and 12·13 September 1988, Using Weighted 
TP Concentrations and Volumetric Flow Rates (see Table 1) 

AreBI Nol Areal 
WeIghted Volumetric Dally TP Dall~TP 

DirectIon 01 TP Flow TP EJlchBnge Exchange' Flux
 
Movement
 mg m-3 mg m-2 d-1 mg m4 d-1m3 hr-1 x 103 9 hr-1 

25-26 July 1988 

49Littoral Zone 1.3 64 1.3 0 

3,1Pelagic Zone 157 1.0 157 1.8 

12-13 September 1988 

Littoral Zone 26 0.9 23 0.5 0 

Pelagic Zone 31 1.1 34 0.7 0.2 

1	 Areal daily TP exchange is the product of weighted TP concentration, volumetric /low 
rate, and the period of nighttlme conveclive circulation (12 hr) divided by the 
reservoir's surface area (0.6 kJn2). 

2	 Net areal daily TP flux Is the difference between littoral and pelagic areal daily TP
 
exchange.
 

ervoir. The two~layered circulation pattern, 
described by Horsch and Stefan (1988) and 
Stefan, Horsch, and Barko (1989), occurred 
during both study periods. During nighttime 
cooling, bottom water from the linoral zone 
moved into the pelagic zone as an interflow, 
and was replaced by a return flow of pelagic 
surface water. Since both forward and re
verse volumetric flow rates were balanced, 
convective circulation appeared to be the 
dominant hydraulic exchange process occur
ring during these two studies. 
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Wind speeds decreased to and remained 
near zero at night for extended periods of time, 
and therefore were unimportant in inducing hy
draulic circulation. In general, the hydraulic 
flow rates reported here (Table 11 were much 
lower than those (0.00146 m3 m- sec-I) esti
mated for this reservoir from the heat budget 
model of Stefan, Horsch, and Barko (1989). 
These differences can perhaps be attributed to 
seasonal variations in nighttime cooling be
tween the two investigations, or to differences 
in the flux of heat versus a dye solute. 

The entrance of littoral water into the pe
lagic zone at different intermediate depths 
(Le., 2.5 m in July and 4.0 m in September) 
suggests that weather and stratification pat
terns were important in the development and 
placement of interflow currents. During the 
JuLy study period, the interflow was located 
at the top of the metalirnnion; during the Sep
tember study period, the lack of a strongly de
fined metalimnion resulted in a much deeper 
interflow. Differences in the depth of inter
flow may be of seasonal importance when 
considering the availability to the phytoplank
ton community of entrained nutrients. 

The existence of higher TP concentrations 
in the linoral zone than in the pelagic zone re
sulted in net areal daily TP fluxes to the pe
lagic zone. Strong TP gradients occurred 
above the sediment-water interface in the lit
toral zone in July, suggesting that sediment 
provided an important TP source during this 
study period. Recent evidence indicates that 
littoral sediment can release substantial P 
at high pH, even under aerobic conditions 
(Twinch and Peters 1984, Drake and Heaney 
1987). 

Although littoral bottom waters of Eau 
Galle Reservoir were aerobic to within 10 cm 
of the sediment-water interface, the pH at 
this depth was 8.5 to 10.0 during both peri
ods. Littoral sediments in this reservoir can 
release 5 to 8 mg P m-2 day-l at pH 9 to 10 
(James and Barko, unpublished data), sug
gesting that the sediment probably accounted 
for much of the P observed in the littoral 
zone in July. 

Ecology 01 Submersed Species 

Estimates of net areal daily TP flux to the 
pelagic zone via convective circulation are in 
general agreeme~ with the range of values 
(0.5 to 5 mg P ro- day-i) reported for other 
lakes (Prentki et al. 1979, Stauffer 1987). 
Wind-driven circulation patterns (Weiler 
1978), not considered here, may result in ad
ditionallittoral P transport. Lakewide inter
nal P loading, calculated ~ mass balance, 
averages about 8 mg P m- dai1 in Eau 
Galle Reservoir (James, Barko, and Taylor, 
in press). Thus, net areal daily TP flux to the 
pelagic zone potentially accounted for 22 per
cent (in July) and 2 percent (in September) of 
the average lakewide internal TP loading. 

Our results suggest that circulation pat
terns induced by nighttime convective cool
ing are of potentially great importance to the 
P economy of this reservoir. Although P 
transport to the pelagic zone occurs primarily 
at intermediate depths near the base of the ep
ilimnion, this source is available to migrating 
algal species, which are abundant in Bau Galle 
Reservoir (Barko et aI. 1984; Taylor, Barko, 
and James 1988; Barko, James, and Taylor 
1990). Wind-driven epilimnetic mixing and 
thermocline migration may also result in verti
cal entrainment of this P to the epilimnion. 

Littoral P fluxes need to be incorporated 
into models of epilimnetic P transfer, as well 
as lakewide P mass balance budgets. We are 
currently investigating P dynamics in the litto
ral zone and the seasonal importance of convec
tive circulation to gain a better understanding 
of the importance of this transport mechanism 
to the P budget of Eau Galle Reservoir. 
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Sediment Interactions with Submersed Macrophytes 

by 

John W. Barko1 

Introduction 

Submersed macrophytes are unique among 
rooted aquatic vegetation because they link 
the sediment with overlying water. This link
age is responsible for great complexities in 
nutrition, and has potentially important im
plications for nutrient cycling. During the 
past two decades, it has become clear that, in 
addition to serving as a base for physical at
tachment, sediment also provides a source of 
nutrient supply to submersed macrophytes 
(see Barko 1991). It is now recognized that 
sediment fertility exerts an important in~ 

fluence on macrophyte productivity and spe
cies composition. However, the mechanisms 
involved (see below) are complex. 

In this paper, effects of sediment fertility 
on submersed macrophyte productivity are 
addressed, with specific attention to nitrogen 
(N) and phosphorus (P) as potentially limit
ing elements. In addition, evidence is provid
ed for autogenic reductions in sediment 
nutrient availability; consequences to macro~ 

phyte production rate are considered; and pro
cesses potentially involved in balancing 
sediment nutrient deficiencies are reviewed. 
These topics are considered with a view to
ward the development of novel macrophyte 
management approaches. 

Effects of Sediment Fertility 

In laboratory investigations, Barko and 
Smart (1986) demonstrated relatively poor 
growth of Hydrilla verticil/ata and 
Myriophyllum spicatum on highly organic 
sediments and on sands compared with 
growth on fine-textured inorganic sediments. 
The growth of these species decreased almost 

linearly with increasing sediment organic 
matter up to a concentration of about 20 per
cent. From fertilization experiments, they 
concluded that macrophyte growth limitation 
on sands and organic sediments resulted from 
nutrient deficiencies. 

Since organic matter and sand (i.e., coarse
textured sediment) have opposing influences 
on sediment density, their effects on 
macrophyte growth can be generalized as a 
function of sediment density (Figure 1). 

:I: 
I
~ 
o 
II: 
Cl 

~ 

SEDIMENT DENSITY 

Figure 1. Idealized reilltumship between submersed
 
macrophyte growth and sediment density (after
 
Barko and Smart 1986). Density increase up ro
 

about 0.9 glml reflects decreasing sediment
 
organic maUer conUnL Density increase be

yond this value reflects increasing sediment
 
texture. Macrophyt£ growth is maxilMl on
 

fine-textured sedifMnts with density ranging
 
betwun approximtJtely 0.8 and 1.0 g/ml
 

Sands possess high bulk density and low nu
trient availability. However, the actual fertil
ity of sands may vary considerably in nature 
with groundwater nutrient inputs to the root 
zone (e.g., Lodge et al. 1988; Lillie and 
Barko, in press). Organic sediments possess 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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low bulk density, and their nutrient content 
(commonly considered to be high) is actually 
quite low on the basis of sediment volume 
(De~aune, Buresh, and Patrick 1979; Barko 
and Smart 1986). Nutrient uptake by rooted 
submersed macrophytes growing on low-den
sity organic sediments is potentially hindered 
by the long distances over which nutrients 
must diffuse (d. Barko and Smart 1986). 

Owing to the large exchangeable pool of 
phosphorus in most lake sediments (e.g., Car
ignan and Flett 1981), it is unlikely that sub
mersed macrophytes are often limited in their 
growth by P availability. Indeed, attempts to 
stimulate submersed macrophyte growth in situ 
by P addition to sediment (e.g., Anderson 
and Kalff 1986; Moeller, Burkholder, and 
Wetzel 1988), or to retard growth by reducing 
sediment P availability (Mesner and Narf 
1987), have been generally unsuccessful. In 
contrast, fertilization of sediment by addition 
of N alone or in combination with other ele
ments has been shown to significantly increase 
the growth of submersed macrophytes (Ander
son and Kalff 1986; Duarte and Kalff 1988; 
Moeller, Burkholder, and Wetzel 1988). These 
results, in combination with results of labora
tory studies (Barko, unpublished data), suggest 
that the availability of nitrogen in sediments 
may under many circumstances limit the 
growth of submersed macrophytes. 

Autogenic Reductions In Sediment 
Nutrient Availability 

Given the significance of sediment in sup
plying N, P, and possibly other nutrients to 
submersed macrophytes, it is important to 
evaluate the effects of macrophyte growth on 
sediment nutrient availability. The capacity 
of some submersed macrophyte species to 
fonn chemical precipitates through direct oxi
dation of sediment has been demonstrated by 
Tessenow and Baynes (1975,1978). Byele
vating sediment redox potential, submersed 

macrophytes under some conditions are capa
ble of reducing concentrations of soluble P in 
the sediment interstitial water (Jaynes and 
Carpenter 1986). The clearest evidence and 
most dramatic examples of sediment oxidation 
(redox increase) by submersed macrophytes 
derive from studies conducted in oligotrophic 
lakes (e.g., Wiurn-Anderson and Andersen 
1972, Jaynes and Carpenter 1986). In contrast, 
the redox status of fertile sediments from eu
trophic lakes may not respond to oxygen re
leased by submersed macrophytes (Carpenter 
1983, Chen and Barko 1988). 

Evidence from field studies is accumulat· 
ing to suggest that rooted submersed macro
phytes, even with relatively diminutive Ioot 
systems, are capable of markedly depleting 
pools of N and P in sediments (Prentki 1979. 
Trisal and Kau11983, Carignan 1985). By 
way of confinnation, recent laboratory stud
ies have demonstrated greater than 90 and 30 
percent reductions in concentrations of ex
changeable N and extractable P, respectively, 
from sediment over two 6-week periods of 
growth of Hydrilla verticillata (Barko et al. 
1988). Since this species is essentially un
able to elevate sediment redox potential 
(Chen and Barko 1988), nutrient uptake alone 
appears to account for its effect on sediment 
nutrient status. 

Even in fertile systems where effects of 
submersed macrophytes on sediment redox 
status are probably minimal, depletion of sed
iment nutrient pools resulting from aquatic 
macrophyte uptake may significantly reduce 
sediment nutrient availability. High produc
tivity and biomass turnover of aquatic macro
phytes in fertile systems further contribute to 
high rates of nutrient loss from sediments 
(Smith and Adams 1986). In general, it ap
pears that N is depleted from sediments to a 
much greater extent than P (relative to 
macrophyte nutritional needs). Thus. N is 
more likely than P to limit macrophyte 
growth (also see above). 
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Processes Potentially Balancing
 
Sediment Nutrient Deficiencies
 

Effects 01 sedimentation 

Sedimentation provides an important 
means of nutrient renewal to the littoral zone, 
and in large part may balance nutrient losses 
due to macrophyte uptake. Factors affecting 
sedimentation have been studied extensively 
in the open water (e.g., Hakanson 1977~ 

Kamp-Nielson and Hargrave 1978), but to a 
much lesser extent in the littoral zone of lakes. 
Aquatic maclophyte beds serve as effective 
traps for inflowing dissolved and particulate 
materials (Patterson and Brown 1979; Wetzel 
1979; Carpenter 1981). Moeller and Wetzel 
(1988) recently suggested that sedimentation 
of algae from macrophyte leaf surfaces may 
provide an important link for transfer of nutri
ents absorbed from the water (by algae) to 
the sediment surface. Similarly, it has been 
reported that under conditions of nutrient en
richment, decomposing filamentous algae can 
provide major inputs of N and P to sediment 
(Howard-Williams 1981). 

By reducing turbulence, aquatic macro
phytes also serve an important role in sedi
ment stabilization (Madson and Warncke 
1983). Sed imentation rates in the littoral 
zone have been shown to be about twofold 
greater than rates of sedimentation in the ad
jacent erosional zone of a reservoir (James 
and Barko 1990). In contrast with the opin
ion that physical disturbance in erosional 
zones directly limits submersed macrophyte 
development (e.g., Spence 1982), Duarte and 
Kalff (1988) have recently suggested that ero
sion of fine-textured panicles and associated 
nutrients may limit macrophyte growth by 
promoting nutritional deficiencies. Greater 
sedimentation with Jess erosion in gently 
sloped, rather than sharply sloped, littoral re
gions may account for the relationship estab
lished between littoral slope and the biomass 
of submersed macrophyte communities 
(Duarte and Kalff 1986). 
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Effects of benthic invertebrate activities 

Activities of benthic invertebrates can sig
nificantly influence physical and chemical 
properties of sediment, thereby potentially af
fecting the availability of nutrients to aquatic 
macrophytes. For example, the case construc
tion and tube irrigation activities of chirono
mids can accelerate nutrient transpon within 
sediment by increasing the area of the sedi
ment-water interface, horizontal and vertical 
diffusional fluxes of nutrients within sedi
ment, and sediment porosity (Fukuhara and 
Sakamoto 1987). In addition, the vertical mix
ing of sediment by tubificid worms (McCall 
and Fisher 1980) continuously increases levels 
of nutrients in the sediment interstitial water 
(Pukuhara and Sakamoto 1987). 

As depicted in Figure 2, the activity of 
tubificid worms in concert with microbial 
and chemical processes causes the release of 
soluble nutrients from particulate phases in 
the sediment. Dissolved nutrients may then 
diffuse to the sediment surface or, in the pres
ence of rooted macrophytes, be taken up by 
roots. In addition, these worms effect a direc
tional reworking of sediment particles that 
produces deposition of material at the sedi
ment surface and an orderly vertical mixing 
of the upper 5 to 10 cm of sediment. These 
physical effects by both groups of inverte
brates can result in vertical transport of re
cently deposited materials to depth in the 
sediment (Krantzberg 1985). Sediment re
working by benthic invertebrates in the litto
ral zone may be important in intermixing 
newly accreted sediment in the root zone of 
aquatic macrophytes. 

Benthic invertebrates can also increase the 
redox potential of surface sediment by circu
lating oxygen-rich water into the sediment 
(Hargrave 1972, Davis 1974, Fukuhara and 
Sakamoto 1987). Redox potential is a major 
factor contrOlling availability of many nutri
ents in sediments; thus, the extension of 
oxidizing conditions to deeper levels in 
sediment may serve to decrease nutrient 
availability (d. Jaynes and Carpenter 1986). 
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SED/oWEN TA noN 

MICROBIAL" Cllal/CAL 
PROCESSES 

",..oLo.
 
DIFFUSiON 

Figure 2. Conceptual nwdel o/the effect o!tubifidd
 
sediment mixing on inorganic substances released to
 
solution by chemical and microbial processes (after
 
McCall and Fisher 1980). Other benthic Inverte

brates influence profller o/inorganic constituents
 
in sediment inlerstitinl waters through different
 

mechanisms (see lext)
 

Since ammonium-oxidizing bacteria require 
the simultaneous presence of both ammonium 
and dissolved oxygen, the potential exists for 
populations of these bacteria to develop along 
burrow walls and in upper pelletized layers, re
sulting in increased rates of ammonium oxida
tion to nitrite and nitrate. The latter forms of 
N are less favored than ammonium for uptake 
by aquatic macrophytes (Nichols and Keeney 
1976). In addition, nitrate can diffuse back 
into nearby anaerobic zones where denitrifying 
bacteria may reduce nitrate to nitrogen gas, 
resulting in loss of nitrogen from the sediment 
(Reddy and Patrick 1984). The net effect of 
these processes on nutrient availability to 
aquatic macrophytes has not been evaluated. 

Effects of microbial activities 

Through their role in decomposition and 
nutrient cycling, microorganisms make avail
able in sediments a variety of elements im-

Barko 

portant to the nutrition of submersed aquatic 
macrophytes (Gunnison and Barko 1989). 
Among these, N and P are highly significant 
as major growth-limiting factors in the 
aquatic environment. Chemical reduction of 
sediment through microbial metabolism is an 
important condition for plant growth, permit
ting accumulation of these key nutrients to 
levels that maximize the growth potential of 
submersed macrophytes. 

Many nutrient transformations, fueled by 
decompositional processes, are carried out by 
microorganisms that reach high population 
levels only in the root zone. Durako and 
Moffler (1987) have suggested that 
microflora-plant root relationships may be 
obligatory to the nutrition (particularly N) of 
aquatic macrophytes. Others have suggested 
that increased bacterial abundance in areas of 
increased macrophyte biomass may increase 
the volume of nutrient recycling (Carigan 
1985; Duarte, Bird, and Kalff 1988). 

Nitrogen fixation occurs within the root 
zone of a variety of submersed macrophytes 
(Smith and Hayasaka 1982a,b; Schmidt and 
Hayasaka 1985). Other studies have indi
cated that deamination of amino acids carried 
out by microflora may provide a major 
source of ammonium for these plants (Smith, 
Hayasaka, and Thayer 1984; Boon, Moriar
ity, and Saffigna 1986). In the root zone of 
the submersed freshwater macrophyte Myrio
phyllum alterniflorum, Blotnick, Rho, and 
Gunner (1980) identified the occurrence of a 
variety of microbial processes of significance 
to macrophyte nutrition. These processes 
included ammonification, denitrification, 
nitrogen fixation, and acid production (impor
tant in the liberation of metals and phosphate 
from minerals). 

Management Perspectives 

To date, studies of submersed macrophyte 
nutrition have focused almost entirely on 
sources of nutrient acquisition. The nutrients 
of greatest importance in the nutritional ecol
ogy of these plants are N and P, which are 
largely sediment-derived. A complex variety 
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of processes (reviewed above) regulate sedi
ment nutrient dynamics, and these processes 
bear directly on submersed macrophyte 
productivity. Sedimentation, benthic inverte
brate activities, and microbial activities in 
sediment have been studied extensively, but 
only to a limited extent with respect to influ
ences on aquatic macrophyte nutrition. 
These processes appear to act in concen in 
regulating nutrient supplies to rooted 
macrophytes in littoral sediments. The sus
tained vigor of submersed macrophyte com
munities depends on, among other factors, 
the balance between nutrient losses and 
gains. Changes in this balance affected by 
watershed influences or human interventions 
need to be considered within the context of 
macrophyte management. 

Over geological time, the vector of vegeta
tive change toward basin fIlling in lacustrine 
ecosystems is clear. However, many import
ant scientific and management questions are 
more relevant to shorter time scales. Inva
sions of nuisance macrophytes, for example, 
often have cycles of a decade or so. Com
positional changes in aquatic macrophyte 
communities over shon time intervals remain 
largely unexplained. Macrophyte-sediment 
interactions at both population and commu
nity levels appear to be powerful and com
plex. Thus, a better understanding of these 
interactions should be useful in explaining 
short-teno compositional changes, including 
species invasions and declines. 
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Ecological Perspectives in Aquatic Plant Management 

by 
Craig S. Smith l 

Introduction 

Efficient management of nuisance aquatic 
plants requires an understanding of their ecol
ogy. Management~oriented ecological stud
ies of nuisance plants must identify natural 
population controls in order to devise ways 
to optimize management strategies. 

Contrary to the widely held perception 
that nuisance aquatic plants grow essentially 
without limitation, there is considerable evi
dence of the existence of natural population 
controls for these species. Previous research 
has demonstrated the potential of many envi
ronmental factors to limit nuisance plant 
growth; future research must focus increas
ingly on identifying the role of these and 
other factors in limiting nuisance plant 
growth in the field. Once key natural popula
tion controls have been identified, manage
ment strategies can be designed to act in 
concert with these controls. 

Identification of Natural
 
Population Controls
 

Clues to the identity of natural population 
controls can be gained by studying naturally 
occurring variations in plant vigor. Some 
general factors influencing the success of 
Eurasian waterrnilfoil (Myriophyllum 
spicatum L.) invasions can be inferred from 
existing evidence (Table 1). In general, little 
is known about the specific mechanisms gov
erning the effects of these factors. 

Fertility 

Table 1 
Factors Influencing the Success 
of Eurasian WatermlifolllnvBslons 

Factor 
Influence on Eur••h,n 
Walermilloll Succe.. 

Fertility Nuisance growths of the plant are 
primarily restricted to fertile lakes. or 
fertile locations In less fertile lakes. 

Disturbance Invasion is facilitated when disturbances 
open up habitat. 

Human 
activities 

Human activities spread the species 
between lakes, 

lakes of moderately high fertility (Figure 1). 
In less fertile lakes, M. spicatum growth is 
presumably limited by the availability of 
nutrients, particularly in sediments, while low 
light availability (due to low water clarity and 
abundant epiphytic growth) limits plant suc
cess in very productive lakes. The response to 
fertility is not a change in the maximum den
sity Dr biomass of mi1foil in dense beds, but 
rather a change in the frequency of conditions 
capable of supporting luxuriant milEoil 
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Smith and Barko (1990) asserted that M. Figure 1. Theoretical relarwnship between Eurasian 
spicatum attains maximum abundance in watumiifoil abundance andferulity 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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growth. In oligotrophic Lake George, New 
York, M. spicatum attains very high levels of 
biomass where it grows in dense beds, but 
dense beds cover only a very small fraction 
of the littoral zone (Madsen et al. 1989). In 
contrast, dense beds of M. spicatum covered 
vinually the entire submersed plant zone of 
eutrophic Lake Wingra, Wisconsin (Gustafson 
and Adams 1973), prior to its decline there. 

Disturbance 

There is widespread agreement that aggres
sive exotic plant species such as M. spicatum 
and Hydrilla verticil/ala readily invade open 
habitat. It is not equally clear that they rou
tinely invade intact, undisturbed communi
ties of native aquatic plants. Perhaps the best 
documented cases where M. spicatum nearly 
completely replaced native species occurred 
in Lakes Mendota and Wingra (see Lind and 
Cottam 1969, Nichols and Man 1971), two 
highly disturbed water bodies. Disturbances 
to Lake Wingra included water-level alter
ation, carp introduction, large-scale carp re
moval and extensive land-use changes in the 
drainage basin (Baumann et al. 1974). In some 
other lakes, native aquatic plants were not re
placed when M. spicatum invaded (Table 2). It 
is not defmitely known whether disturbance is 
the key factor determining whether replace
ment occurs, but it is certainly a major factor. 

Disturbances typically favor invasive spe
cies, which spread and grow rapidly (Grime 
1979). In water bodies with well-established 
native plant populations, managers should be 
very hesitant to use control techniques that 
disturb the native plant species, as such dis
turbances are likely to hasten the spread of 
aggressive nuisance plant species. 

Fragment transport 

Human-mediated transport of plant frag
ments is among the main means of dispersal 
for M. spicatum (Johnstone et al. 1985), as it 
probably is for other submersed nuisance spe
cies. Although the steps necessary to mini
mize transport of fragments are relatively 
obvlous, efforts to block this dispersal pathway 

Smith 

Table 2 
Replacement of Native Plant Species 
by Eurasian Watermllfoll 

Looatlon Replacement Rem.rka 

Lakes Wlngra1 

and Mendota,2 
Wisconsin 

Yes Near complete 
replacement of 
Potamogeton, 
Vaflisneria 

De.... II's Lake3 
, 

Wisconsin 
Slight Displaced some 

Elodea 

TVA Reservolrs4 No Invaded new 
habitat as 
reservoirs 
flooded 

Lakes O~inicon. 
Ontario 

No Invaded open 
habitat in deep 
water 

1 Nichols and Mori 1971. 
2 Lind an d Cottam 1969. 
3 Lillie 1986. 
4 A. L. Bates, personal communication. 
5 Keast 1984. 

have met with only limited success (Newroth 
1985). Even if the transport of fragments by 
humans was completely eliminated, other dis
persal mechanisms (e.g., transport of frag
ments and seeds by waterfowl) would likely 
spread the species to new locations, albeit 
more slowly. 

Natural Declines 

The study of spontaneously occurring 
submersed plant declines is a particularly 
promising avenue for the discovery of natural 
population controls. Myriophy//um spicatum 
populations characteristically decline approxi
mately 10 to 15 years after dominance (Car
penter 1980). The reasons for the decline are 
essentially unknown, although a number of 
possible causes have been suggested (Table 3). 
Several of these seem more likely than others. 

Nutrient depletion from sediments may be 
an important factor contributing to declines 
by several possible mechanisms. Previous 
studies have focused on phosphorus (P) nutri
tion, and found that P concentrations were de
pleted in the sediments in which declining 
milfoil plants were rooted, but declining 
plants showed no physiological evidence of P 
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Table 3 
Possible Causes of Eurasian 
Waterm 111011 Declines1 

Nutrient depletion 
Toxin accumulation 
Shading by phytoplankton or attached algae 
Paraslte(s} or palhogens(s) 
Harveslinglherbici des 
Climatic lIuctualions 
Compelilion from other macrophytes 
Insect herbivory (painter and McCabe 1988) 

1 After Carpenter (1980) except as nOled. 

limitation (Sntith 1979). A recent study has 
identified nitrogen (N) as more limiting than 
P for M. spicatum growth (Anderson and 
Kalff 1986). The possibility that N depletion 
from sediments contributes to declines has 
not been adequately investigated (Barko, 
Gunnison, and Carpenter, in press). Other 
sediment alterations may also be important. 
Vigorous growth of nuisance species contrib
utes to rapid accumulation of organic sedi
ments. Accumulation of organic matter 
dilutes sediment nutrients, thereby making 
them less available for plant growth (Barko 
and Smart 1986). Organic matter from some 
plant species, including M. spicatum, may 
also contain materials that inhibit the growth 
of aquatic plants (Barko and Smart 1986). 

The role of herbivores, especially insects, 
in limiting submersed plant growth also de
serves additional study. In some cases, high 
densities of herbivorous insects accompany 
milfaU declines (Kangasniemi 1983, Painter 
and McCabe 1988). Several insects may be 
important, including a caddisfly, several 
moths, several weevils, and one or more 
chironomid species. Even if herbivorous 
insects alone cannot control the growth of 
nuisance submersed plantS, they may be very 
imponant when other factors slow plant 
growth. 

Wbatever the causes of M. spicatum de
clines, there is some evidence that intense 
management may prolong its dominance. 
Carpenter (1980) reported that luxuriant 
growths of M. spicatum persisted in frequently 
harvested areas of Lake Wingra long after the 
species had declined elsewhere in the lake. 

In two additional well-documented cases in 
which M. spicatum did not decline after 10 or 
more years (i.e. the upper TVA reservoirs 
and the Okanagan area lakes), the lakes were 
more intensely managed than those where de
clines were recorded (Table 4). Although dis
turbance appears to favor invasion by M. 
spicatum, it is not clear why 
management would permit its continued 
dominance. Thus, research on the long-term 
effects of aquatic plant management is needed. 

Table 4 
Apparent RelationshIp Between 
Management and Eurasian Watermllfoll 
Persistence (Smith and Barko 1990) 

Looatton 
Management 
Technique (8) 

Approx. 
Percentage 
of Mlttol! 
AffltClBd Deollne 

Chesapeake 
Bay 

None ~O Yes 

Lake Wlngra Harvesting <5 Yes 

Devil's Lake, 
Wisconsin 

None 0 Yes 

Gunlersville 
Reservoir 

Herbicides 
Orawdown 

7 
100 

No 

Okanagan 
Lake 

Many 18 Locally 

Cultus Lake Rototilling 33 No 

Shuswap Lake Many 44 No 

Future Directions 

The key to ecologically sound aquatic 
plant management is the identification of fac
tors promoting success of exotic plant inva
sions and those that cause natural declines. 
Observation of ongoing invasions and de
clines, combined with field and laboratory ex
perimentation, can pinpoint these controlling 
factors and the mechanisms by which they op
erate. It will then be possible to identify con
ditions under which management is most 
necessary, when management is most likely 
to succeed, or when specific management tech
niques are likely to be counterproductive. 
Development of management strategies that 
hasten natural declines may also be possible. 
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Eakin 

Effects of Benthic Barriers on Aquatic Habitat:
 
Preliminary Results
 

by 

Harry L. Eakin 1 

Introduction 

In many of our Nation's lakes, reservoirs, 
streams, and estuaries, extensive beds of sub
mersed aquatic vegetation have resulted, in 
some instances, in reduced public access to 
boat launching ramps, docks, channels, and 
swimming areas. Currently, the predominant 
management strategies employed to maintain 
accessibility to these areas include the use of 
herbicides and/or mechanical harvesting. A 
possible alternative management strategy, 
particularly suitable to small treatment areas, 
is the use of benthic barriers (Figure I). 

Figure 1. Benthic barrUtr 

Benthic barriers placed securely upon the 
sediment surface can effectively curtail aquatic 
plant growth for several growing seasons. 
Control is achieved by physically blocking 
the plants' access to the water column and by 
eliminating any light from reaching the plants. 
Although the use of benthic barriers is in
creasing, information concerning their effects 
on the aquatic habitat remains sparse. There
fore, investigations designed to examine in

fluences of barrier placement on underlying 
sediment, surficial water beneath barriers, 
and benthic fauna have been initiated at Lake 
Guntersville, Alabama; Eau Galle Reservoir, 
Wisconsin; and the Lewisville Aquatic Ecosys
tem Research Facility, Texas. 

Materials and Methods 

Benthic barriers selected for use in these 
investigations are commercially available 
from Dow-Corning Corporation, Midland, 
MI, under the trade name Bottom-Line, and 
consisted of separate 20- by 40-ft mats. In
stallation of the barriers was in accordance 
with manufacturer's suggested methods and 
required the use of scuba (Photos 1 and 2). 
Barrier mats were deployed in August 1989 
at Eau Galle Reservoir and in June and July 
1990 at Lake Guntersville and the Lewisville 
Facility, respectively. Two barriers were de
ployed in both Eau Galle Reservoir and the 
Lewisville Facility. Five barriers were in
stalled in Lake Guntersville at separate sites. 

Ph % 1. Deployment oj benthic barrier 

1 US Army Engineer Waterways Experiment Slation, Vicksburg, MS. 
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Photo 2. Installation 0/ Ixlrrier anchoring devices 

Collection of samples for analysis of se
lected parameters (Table 1) was initiated dur
ing 1990 at each location. Samples included 
cores of the upper 10 em of sediment, intersti
tial water (Photo 3), and surficial water from 
beneath the barriers. Sediment cores were 
taken using standard coring techniques. Sam
pling of the interstitial water and surficial 
water utilized two types of in situ dialysis 
chambers (Figure 2). Interstitial water samples 
were deployed vertically in sediment beneath 
and outside the barriers to detennine if changes 
in concentrations of selected chemical constitu-

Table 1 
Selected Physical and Chemical 
Parameters 

Sample Type Seleoted Parameter 

Sediment core Moisture 
Density 
Organic content 
Exchang eable ammonium-nitrogen 
Exchangeable potassium 
Available phosphate phosphorus 
Available iron 
Available manganese 
Total nitrogen 
Total phosphorus 
Tolal iron 
Total manganese 
Chemical oxygen demand 
Particle size 

Interstitial water Ammonium -nitrog en 
SolUble reactive phosphorus 
Dissolved iron 

I Dissolved manganese 

Surficial water Ammonium·nitrogen 
Soluble reactive phosphorus 
Nitrate+nilrite-nitrog en 
Dissolved iron 
Dissolved manganese 

Photo 3. Sampling 0/ interstiJal water 

ents might result from barrier placement. Water 
from the surficial in situ chambers was analyzed 
to determine its oxygen status and concentra
tions of selected chemical constituents. 

Figure 2. In sllu diolysis chambers 

Results and Discussion 

Information from these continuing investi
gations, although very preliminary, has 
shown that the placement of benthic barriers 
within beds of submersed aquatic plants can 
create changes in the aquatic habitat beneath 
the barriers. 

Examination of the oxygen status of water 
beneath the barriers at Eau Galle Reservoir 
showed it to be essentially anaerobic. In
creased concentrations of ammonium-nitrogen 
and dissolved iron and manganese in the 
water beneath the barriers compared to the 
water at the sediment-water interface outside 
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the barriers were evident. These trends sug
gest that benthic invertebrates may have diffi
culties surviving beneath benthic barriers in 
some locations. 

Mean dissolved oxygen concentration, 
approximately 4.8 mgIL, measured in the surfi
cial water beneath the barriers in Lake Gunters
ville was greater than the mean concentration 
measured in Eau Galle Reservoir. In addition, 
there were no significant differences between 
concentrations of selected chemical constituents 
between samples taken beneath and outside the 
barriers in Lake Guntersville. Differences be
tween these two locations might be attributed 

to the period of barrier installation, being ap
proximately 10 months greater at Eau Galle 
than at Guntersville. 

Future Research 

Collection of data at each location will 
continue during 1991. Further examination 
of expanded selected physical and chemical 
parameters will provide an assessment of ef
fects of benthic barriers on the aquatic habi~ 

tat. This infonnation will be of value in 
determining the overall utility of benthic bar
rier placement for the control of submersed 
aquatic vegetation in aquatic systems. 
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Preliminary Observations on the Influences 
of Initial Tuber Mass of Growth Responses 

of Hydrilla verticil/ata (L.f.) Royle 

by 
D. G. McFarland' 

Introduction linked with gennination potential in this spe
cies (Haller, Miller, and Garrard 1976). 

Ecological studies of terrestrial plants 
In the present study, influences of tuber have long shown that propagule (i.e., seed) 

mass on initial stages of development in mass influences various facets of plant 
Hydrilla are examined. Results reported here growth, fitness, and survivorship (Black 
are intended to provide insight into the role 1956, 1957; Harper and Obeid 1967; Wulff 
of tuber mass in determining growth charac1973, 1986a, 1986b; Melzack and Watts 
teristics of this species, and related im1982; Peters 1985). Only recently, however, 
plications for aquatic plant management. have similar studies been conducted with sub

mersed aquatic vegetation. Experiments of 
Spencer (1986) demonstrated initial tuber Methods and Materials 
mass to be closely related to the biomass pro
duction and morphology of the widely distrib The study was conducted in three 1,200-L 
uted pondweed Potamogeton pectinatus L. white fiberglass tanks housed in an Environ
For many submersed plant species, tubers or mental Laboratory greenhouse, at the Water
subterranean turions provide an important ways Experiment Station. The tanks were 
means of population establishment and re filled (83 cm deep) with a low-alkalinity 
growth. Variations in the mass of these pro culture solution (described in Smart and 
pagules are thought to potentially influence Barko 1985) that contained major nutrients, 
postgermination vigor and competitiveness except nitrogen and phosphorus, to minimize 
of tuber-producing submersed plant popula algal growth inside the tanks. One liquid cir
tions (Spencer et al. 1987). culator per tank provided continuous water 

circulation and temperature control at approx
Hydrilla verticil/ata (LJ.) Royle, the ex imately 25° C. The solution was aerated 

otic submersed plant species examined in the with humidified air, facilitating further mix
present study, is well documented for its nui ing and increased C02 supply. Maximum 
sance growth in many lakes and reservoirs midday photosynthetically active radiation 
(Blackburn et al. 1969, Haller 1976, Steward levels averaged about 500 IlE/m2/sec using a 
et al. 1984). Tubers produced by this species neutral-density shade fabric over the roof of 
pose serious problems for aquatic plant man the greenhouse that reduced natural irradi
agement due to their resistance to adverse en ance by 75 percent. 
vironmental conditions, including herbicide 
treatment (Bruner and Batterson 1984, Stew Hydri/la tubers were obtained from 2
ard and Van 1987). While influences of vari month-old monoecious plants established 
ous tuber characteristics on the success of from the Laboratory's Potomac River stock 
Hydrilfa are not well known, tuber size culture. In an effort to maximize germination, 
(based on length determinations) has been the propagules were chilled continuously at 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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6° C (in the dark) for approximately 4 weeks 
prior to the initiation of the study (cf. Carter, 
Rybicki, and Schulman 1987). Following 
cold exposure, the tubers were separated by 
fresh weight into three classes: small (S), 
100 to 150 mg; medium (M), 200 to 250 mg; 
and large (L), 300 to 350 mg. The pro
pagules were planted singly in l-L containers 
of well-mixed inorganic sediment from 
Brown's Lake, Mississippi (characterized in 
Barko and Smart 1986). One weight class 
was assigned per tank, with 50 replicate con
tainers held in each. Ten replicates of each 
tuber class were removed for harvests at 
weeks 1,2,3,4, and 6. 

Evaluations of the growth of individual 
plants were based on determinations of dry 
shoot and root biomass, maximum shoot and 
root lengths, and numbers of shoots and 
shoot apices. Statistical analyses of all data 
were performed using analysis of variance 
procedures of the Statistical Analysis System 
(SAS Institute, Cary, NC). Hereafter, state
ments of statistical significance refer to prob
ability levels of 0.05 or less. 

Preliminary Results 

Results of the Duncan's Multiple Range 
Test used to contrast weekly growth re
sponses among the three tuber classes indi
cated that, in most cases, significant 
variations in gTowth were effected by initial 
tuber mass within the lust 4 weeks of the 
study, Because responses among the three 
tuber classes were quite similar by week 6, 
data reported here reflect determinations ob
tained for weeks 1 through 4 only. 

Shoot and root biomass 

Significant effects of tuber mass on shoot 
production occurred during the first two 
weeks, when plants emerging from L (large) 
and M tubers exhibited greater shoot biomass 
than those from S tubers (Figure 1). Root 
production was unresponsive to tuber mass in 
the fust week. However, by week 2, the bio
mass of roots in the L tuber class exceeded 
that in the smaller tuber classes. Beyond the 

McFarland 

initia12-week period, effects of tuber mass 
on both shoot and root production were rela
tively minor. 

Shoot and root length 

The lengths of roots and shoots were ini
tially least in the L tuber class (Figure 2). 
After the fust week, however, shoots from L 
tubers were generally longer than those from 
either M or S tubers, Likewise by week 3, 
the length of roots in the L tuber class ex
ceeded the lengths of roots in the two smaller 
classes. By week 4, differences in root 
length among the three tuber classes were 
negligible. 

Numbers of shoots and apices 

There were no significant effects of tuber 
mass on the numbers of shoots produced (Fig
ure 3). Statistically different branching re
sponses among the three tuber groups were 
detected at weeks 3 and 4, as apices formed 
by individual plants were most abundant in 
the L tuber class. 

Conclusions and Recommenda· 
tions for Future Research 

Results of this investigation indicate that 
tuber mass is an important factor determining 
initial growth patterns in Hydril/a. Data re
poned here showed shoot elongation, branch
ing, and initial biomass accrual to be most 
vigorous in plants genninated from large tu
bers. Such differences in growth effected by 
tuber mass could have adaptive significance 
in responses of Hydriila to environmental gra
dients. Furthennore, variations in growth im
posed by tuber mass might influence the 
outcome of both intraspecific and interspe
cific competition involving this species. 

Recently, Spencer et al. (1987) quantified 
variations in tuber mass of Hydrilla popula
tions grown under natural and seminatural 
conditions. The asymmetrical distributions 
of tuber mass in those populations suggest 
possible selection for or against propagules 
with certain physiological properties. It is 
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Figure I. Weekly shoot and root biomass ofHydrllia grown from large, medium, and SITUlIl tuben, Within each 
subjlgure, biolTUlss is expressed as a percentage (from 0 to 100 percent) of the maximum mean per week. 

Numbers above bars indicate actual rman determinations (n ::: 10) in milligrams dry mass. For each 
week, mean shoot or root bwlTUlss values sharing the satrUJ letter do not differ signlfkontly from each 

other. Duncan's Multiple Range Test was used tIJ determine statistical signfjIcance at P < 0.05 
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TUBER SIZE:
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Figure 2. Weekly shoot and root lengths ofHydrUla grown from large, medium, and sma/I tubers. Within each
 
sUbfigure, length is expressed as a percentage (from 0 to 100 percent) of the maximum mean per week.
 

Numbers above bars indicate actual mean determinations (n = 10) in centimeters. For each week,
 
mean shoot or root lengths sharing the same letter do not differ significantly from each other,
 

Duncan's Multiple Range Test was used to determine statistkal signifICance at P <: 0.05
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TUBER SIZE:
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Figure 3. Weekly numbers o/shoots and apius 0/Hydrllla grown/rom large, medium} and small tubers. Within
 
each sUbfigure, these numbers art expressed as a percento.ge (from 0 to 100 percent) 0/ the maximum mean per
 

week. Numbers above bars indicate actual mean determinations (n =10) based on direct counts. For each
 
week, mean numbers 0/shoots or apices sharing the same letter do not differ signifu:antlyfrom each
 

other. Duncan's Multiple Range Test was used ro determine statistical slgnif/.Conce at P < 0.05
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recommended, therefore, that laboratory in
vestigations be conducted to further elucidate 
environmental factors potentially regulating 
biomass accumulation and growth of tubers 
(and other propagules) of Hydri/la. Results 
of these investigations could be beneficial in 
the development of environmental manipula
tions to select for inferior propagule and 
plant formation. 

Finally, future studies are recommended 
to examine growth potential relative to pro
pagule (tuber) mass in other important 
aquatic plant species as well (for example, 
Potamogeton nodosus Poiret and Vallisneria 
americana (Michx.). This information may 
prove helpful in the selection of propagules 
used in planting programs to establish native 
nonweedy vegetation, especially in efforts to 
deter the spread of nuisance submersed plant 
species such as Hydrilla. 
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Effects of Benthic Barriers 
on Macroinvertebrate Communities 

by 
Barry S. payne1 and TM17UlS Usse,y 

Introduction 

Benthic barriers are used to prevent the 
growth of submersed macrophytes in areas of 
high use such as small boat harbors and 
swimming areas. In most applications, these 
barriers are placed at sites where control is 
needed prior to the onset of rapid shoot growth 
in late spring and early summer. The barriers 
are held in place by an array of pins driven 
through the barrier and into the underlying 
substrate. The barriers block light needed for 
shoot growth, and also present a physical bar
rier to the upward growth of shoots. 

Studies are being conducted to evaluate 
the physical and chemical effects of barriers 
on water and sediment under the barrier (Gun
nison and Barko 1989) and to determine the 
responses of benthic macroinvertebrate com
munities. This paper reports on effects of ex
perimental placement of barriers on benthic 
macro invertebrate communities in Eau Galle 
Reservoir (EGL), Wisconsin; Guntersville 
Reservoir (GUN), Alabama; and ponds in 
north-central Texas at the Lewisville Aquatic 
Ecosystem Research Facility (LEW) of the 
Waterways Experiment Station. 

Methods 

Barriers measuring 6,1 by 6,1 m were 
placed over areas with dense submersed 
macrophytes in late spring to early summer 
at all locations. Water depths ranged from 
1.5 to 3 m at the specific locations of barrier 
placement. Four barriers were placed at LEW, 
two at GUN, and two at EGL. Core samples 
of sediments including macroinvertebrates 

(Miller and Bingham 1987) were obtained at 
sites of barrier placement and adjacent refer
ence areas (dense plants, no barrier) just 
prior to and after placement of barriers. Cau
tion was taken not to include live plant 
shoots in these samples. Typically, five sam
ples were obtained from beneath each bar
rier and each adjacent reference site on each 
date of sampling. Greater than 95 percent of 
all macroinvertebrates were restricted to the 
upper 10 em of sediment. Thus, only the top 
10 em of sediment was routinely analyzed. 
Sediments were washed through a O.S-mm 
sieve, and all macroinvertebrates were 
picked from material retained on the sieve. 
Invertebrates were enumerated by major 
taxa, and the total number of individuals per 
square meter was estimated from these 
counts per core sample. 

No significant differences (Student's t
test, p < 0.05) were noted in macroinvertebr
ate density between each pair of barrier and 
reference sites at each location. In addition, 
differences between the multiple barrier or 
reference sites at each location were gener
ally not significant. Thus, density estimates 
were pooled per location for all samples per 
date obtained below barriers and all samples 
per date obtained from reference sites. 

Results 

Oligochaetes and chironomids were among 
the most abundant taxa at all three locations 
(Figure 1). At EGL, the macroinvertebrate 
community of the reference sites was domi
nated by oligochaetes (38 percent), chirono
mids (25 percent), trichopterans (18 percent), 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
2 University of Texas at Arlington, Department of Biology, ArliJlgton, TX. 
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and gastropods (10 percent). At LEW, oligo
chaetes (74 percent) were heavily dominant. 
Chironomids, the second most abundant taXon 
at LEW, comprised only 9 percent of the com
munity. At GUN, chironomids (42 percent), 
oligochaetes (25 percent), and amphipods 
(13 percent) were dominant. 

Significant reduction of macroinvertebrate 
density was observed under barriers at all 
locations (Figure 2). At EGL, macroinverte
brate density declined from approximately 
6,000 individuals per square meter to 2,000 
per square meter within 2 months after bar
rier placement. Macroinvertebrates at GUN 
were less dense than at EGL; reference site 
density at GUN averaged less than 1,500 
individuals per square meter. Approximately 
2 months after mat placement, density was 
appro ximately 150 ind ividuals per square 
meter. AT LEW, approximately 5,500 indivi
duals per square meter occurred in reference 
sites, compared to less than 500 individuals 
per square meter below the barriers. 

Detailed investigations at LEW showed 
that essentially all density reduction occurred 
within 1 week after barrier placement. No re
covery from this density reduction was noted 
under the barriers for the following 4 months 
(Figure 3). 

Summary 

Aquatic weed barriers led to marked 
reduction (67 to 92 percent) in the density of 

macro invertebrates in sediments relative to 
adjacent reference areas with plants but no 
barriers. The reduction in density occurred 
rapidly and was sustained throughout the 
growing season, based on detailed observa
tions at one location (LEW). Studies are con
tinuing at LEW to determine the rate of 
recovery after barriers are removed. 

Aquatic weed barriers are highly effective 
at prevention of plant growth, but elimination 
of most benthic macroinvenebrates may be 
anticipated directly under the barriers. The 
small surface area affected by barriers rela
tive to the total littoral zone of most lakes 
and reservoirs where barriers are used re
duces the system-wide importance of these 
local losses of benthic production. 
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Biological Conltol 

A History and Overview of Biocontrol Technology 

by 
Alfred F. Cofrancesco, Jr.! 

Technology Development 

The development of biocontrol technology 
began in 1959 when the US Army Corps of 
Engineers and the US Department of Agricul
ture (USDA) entered into a cooperative study 
to manage exotic aquatic plants. In the first 
attempt, classical biological approaches were 
used. Researchers traveled to the country of 
origin of the plant and looked for natural 
enemies. 

The fust plant targeted for research with 
biocontrol technology was alligatorweed (Al
ternanthera philoxeroides), a native of South 
America. This plant species grows primarily 
as an emersed aquatic plant rooted to bottom 
soils, with the major portion of the plant 
foliage growing above water. However, the 
plant can also grow in terrestrial habitat 
(Godfrey and Wooten 1979). In aquatic 
systems the plant would produce large mats 
composed of hollow plant stems that would 
severely impact the use of the waterway. 

In 1960, a USDA Laboratory was estab
lished in Argentina as part of the cooperative 
effon of the USDA and the Corps of Engineers 
to develop biocontrol agents for alligatorweed 
(Coulson 1977). During the initial surveys, 
over 40 insects that feed on alligatorweed 
were found. As testing progressed, the num
ber of potential agents was reduced to flve 
insects (Vogt 1960). Additional testing re
duced the number of possible insect biocontrol 
agents to three, and all were petitioned for 
release. 

The fust insect released was the alligator
weed flea beetle (Agasicles hygrophila). In 
1964, initial releases were made in California 
and South Carolina (Coulson 1977, Cofran

cesco 1988). This insect has a short life 
cycle of 30 days, and both the adults and 
larvae feed on alligatorweed. The impact to 
populations of alligatorweed by this insect oc
curred rapidly, and the insect was eventually 
released in 11 states (Cofrancesco 1988). 

The next insect released in the United States 
as a biocontrol agent of alligatorweed was the 
alligarorweed thrips (Amynothrips aruiersoni). 
Initial releases were made in 1967 in Califor
nia, South Carolina, Florida, and Georgia 
(Coulson 1977). This insect has a life cycle of 
approximately 28 days (Maddox and Mayfield 
1979). Both adults and larvae of this insect 
feed on the plant with their sucking mouth 
parts, which causes the alligatorweed leaves to 
dry and curl. The impact of this agent has not 
been widespread throughout the United States, 
even though it was released in seven states 
(Cofrancesco 1988). 

The last insect biocontrol agent released 
for alligatorweed was the alligatorweed stem 
borer (Vogtia malloi). The first releases of 
this insect were made in 1971 in Florida, 
Georgia, North Carolina, and South Carolina. 
The insect's life cycle is approximately 39 
days, and only the larvae feed on the plant. 
The feeding process begins at the apiCal por
tion of the plant, where the larvae hatch and 
bore into the hollow stem (US Army Engi
neer Waterways Experiment Station 1981). 
The impact caused by this insect is signifi
cant, especially in the northern range of al
ligatorweed. This insect was released in only 
five states; however, in a 1981 survey it was 
found widely distributed in seven states 
(Cofrancesco 1988). 

In 1963, there were over 97,000 problem 
acres of alligatorweed in the United States; 

1 US Army Engineer Walerways Experiment Station, Vicksburg, MS. 
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in 1981, there were less than 1,000 problem 
acres of alligatorweed (Cofrancesco 1988). 
Currently, only North Carolina has a small 
program to treat alligatorweed with herbi
cides in ditches. All the other states rely on 
biocontrol agents to maintain the population 
level of alligatorweed below problem levels. 

The second plant targeted for bioconuol 
technology was waterhyacinth (Eichhornia 
crassipes Mart. (Solms)), an aggressive float
ing plant species native to South America. 
Waterhyacinth was introduced into the 
United States at the 1884 Cotton States Expo
sition in New Orleans, LA (Sanders, Theriot, 
and Perfetti 1985). Since its introduction, 
waterhyacinth has spread or been distributed 
throughout the southern United States and 
California (Godfrey and Wooten 1979). The 
ability of waterhyacmth to infest a wide 
range of freshwater habitats and its tremen
dous growth rate (Penfound and Earle 1948, 
Center and Spencer 1981) have made it one 
of the most troublesome aquatic plants in the 
United States. 

Overseas surveys were conducted in South 
America to fInd potential biocontrol agents 
of waterhyacinth. A number of insects were 
found that feed on waterhyacinth in its native 
range, and studies were initiated to determine 
which insects would be good bioconuol 
agents. These studies were conducted at the 
USDA Laboratory in Argentina. Three poten
tial insect bioconttol agents were identified, 
and introduction permits were requested 
(Sanders, Theriot, and Perfetti 1985). 

In 1972 the mottled waterhyacinth weevil 
(Neochetina eichhornia) was the first insect 
approved for release as a bioconuol agent of 
waterhyacinth. The initial releases were con
ducted in Florida; however, this insect has 
now been released in four other states. Both 
the adults and the larvae feed on the plant. 
Adults remove the upper leaf surface, and lar
vae penetrate the petiole and feed on internal 
tissues. As the larva grows, feeding proceeds 
down the petiole to the plant crown (Sanders, 
Theriot, and Perfetti 1985). The generation 
time ranges from 90 to 120 days depending 

Cofrancesco 

on temperature and other factors (DeLoach 
and Cordo 1976a). These insects stress the 
plant; however, their true impact to the plant 
population takes years to become apparent. 

The second biocontrol agent released on 
waterhyacinth was another weevil, the chev
roned waterhyacinth weevil (Neochetina 
bruchi). The first release of this insect oc
curred in Florida in 1974 (Sanders, Theriot, 
and Perfetti 1985). The chevroned 
waterhyacinth weevil occupies very similar 
habitats in the plant as does the mottled 
waterhyacinth weevil, and its impact to the 
plant is similar. The chevroned 
waterhyacinth weevil has a shorter genera
tion time (60 to 90 days) than the mottled 
warerhyacinth weevil (Deloach and Cordo 
1976b). 

The last biocontrol agent released on 
waterhyacinth in the United States was the ar
gentine waterhyacinth moth (Sameodes at
biguttalis) native to South America. Its 
initial release was made in Florida in 1977. 
This insect has a life cycle of approximately 
30 days (Deloach and Corda 1978, Center 
1981 a). The larvae are the only life stage 
that feeds on the plant, and they are usually 
found on the smaller, more bulbous plants 
(Center 1981 b). The impact caused by these 
insects varies among sites; often, well-estab
lished populations of these insects will move 
from locations for no apparent reason (Sand
ers, Theriot, and Perfetti 1985). 

Plant pathogens were also examined as 
possible biocontrol agents of waterhyacinth. 
In 1971, a pathogen (Cercospora rodmanii) 
of waterhyacinth was found on plants in Lake 
Rodman, Florida, by University of Florida re
searchers (Conway, Freeman, and Charudattan 
1974). Under a contract with the Corps of 
Engineers, the University tested this pathogen 
as a possible biocontrol agent of water
hyacinth. After laboratory testing, Abbott 
Laboratory was contracted to develop a com
mercial formulation. The fIrst field testing 
of this fonnulation was conducted in 1975 at 
Lake Theriot, Louisiana. The formulation 
infected the plants, but the virulence of the 

WES MP A-91-3. June 1991 119 



Biological Control 

commercial formulation was low (Sanders, 
Theriot and Perfetti 1985). 

In general, problem areas of waterhyacinth 
still exist, and chemical spray control opera
tions continue. The biocontrol insects are 
having a significant impact on the water
hyacinth populations, but this is occurring in 
areas where the insect population levels are 
allowed to build. Most of the impact that has 
been documented has been attributed to the 
weevils. These insects have longer life cycles, 
so population buildup is slow. 

Dramatic declines in the acreage of water
hyacinth have occurred in Louisiana where, 
prior to the insects being released, the acreage 
of waterhyacinth reached 1.2 million acres 
(Cofrancesco, Stewart, and Sanders 1985) (Fig
ure 1). Similar declines were also noted in 
Florida and Texas. Although waterhyacinth 
problems still exist, the biocontrol agents are 
stressing the plants, and research is under way 
to develop better management procedures for 
these agents (Cofrancesco 1987). 

Another problem aquatic plant that has been 
studied is waterlettuce (Pistia stradoles). This 
plant is distributed mainly in the southeastern 
United States and has presented problems in 
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areas where waterhyacinth populations are 
declining (Dray, Center, and Habeck 1989). 
In addressing this problem, we built upon 
work conducted by the Australians. who have 
had a management program for water1ettuce 
for a number of years. 

The first insect released on waterlettuce 
was Neohydronomous affinis, a weevil native 
to South America that the Australians have 
been using since 1982 (Julien 1987). Addi
tional testing of this insect was conducted 
prior to its release in 1987 in Florida (Dray 
et al. 1990). The adults feed and penetrate 
the leaf while the larvae mine inside the leaf 
(Thompson and Habeck 1989). The insect's 
life cycle is approximately 30 days, which 
allows its population to develop rapidly 
(Habeck et a1. 1988). Eighteen months after 
the release of the weevils at a site in Lake 
Okeechobee, Florida, the entire 75-acre mat 
of waterlettuce was eliminated. Weevils 
began to migrate to adjacent control plots 
prior to the elimination of the test site 
(Center and Dray 1990). 

Another insect, Namangana pectinicornia, 
a moth from Thailand, has been approved for 
release in the United States as a biocontrol of 
waterlettuce. The release is scheduled for 
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Figure 1. Total watuhyacln/h acreage in Louisiana 
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February 1991 in Florida. This moth has a 
short life cycle of approximately 35 days. 
Only the larvae feed on the plant; however, 
the damage that is caused is extensive, with 
feeding occurring on the upper and lower leaf 
surface and sometimes girdling the leaves. 

Biocontr01 research has also been conducted 
on submersed aquatic plants. Research has 
been conducted using both insects and patho
gens to manage hydrilla and Eurasian 
watermilfoil. Hydrilla is a submersed 
aquatic plant that clogs waterways and im
pedes navigation (Schardt and Schmidtz 
1989). The plant was introduced into the 
United States by business, as a plant for fish 
aquariums. The plant has spread rapidly 
throughout the southern United States and 
along the east coast as far north as Delaware. 
In addition, populations of the plant are 
found in California. 

Research began in 1980 to detennine the 
area of origin for this problem plant. Surveys 
were conducted throughout Africa, Australia, 
and pans of Asia (Balciunas 1982, 1983, 1984, 
1985,1987; Balciunas and Dray 1985). Bio
control agents were most abundant in India and 
Australia In 1984 the USDA established a re
search facility in Australia with the support of 
the Corps of Engineers. 

The fust insect released on hydrilla was a 
weevil (Bagous affinis) from Pakistan. Re
leases were made in 1987 in Florida (Center 
1989. Center and Dray 1990); however. this 
insect feeds on the tubers of the hydrilla 
plant when water recedes from the plants 
(Buckingham 1990). While this situation is 
common in Pakistan, it is very uncommon in 
Florida except when lakes are drained. This 
type of life cycle has made it difficult to es
tablish field populations. The use of this in
sect is being programmed for canal systems 
in California that have annual periods of 
drawdown. 

The second insect released in the United 
States as a biocontrol of hydrilla is Hydrellia 
pakistanae, an ephydrid fly from Pakistan. 
This insect was released in 1987 in Florida. 

The larvae mine the leaves and are the only 
life stage of the insect that impacts the plant 
(Buckingham 1990). The life cycle is short, 
approximately 20 days (Center and Dray 
1990). Initially, problems occurred in estab
lishing fIeld protection; however, by mid-1990, 
field populations of the fly were established 
in Florida (Center and Dray 1990). 

The third biocontrol insect released in the 
United States for hydrilla was Hydrellia 
baldunas, an ephydrid fly from Australia. 
This fly causes damage similar to that of H. 
pakistanae (Buckingham 1990). The first 
field release of this insect occurred in Sep
tember 1989 in Broward County, Florida 
(Center 1990), To date, the establishment of 
a field population has not been verified. 

Additional insect biocontrol agents are 
being studied as biocontrol agents of hydrilla. 
A weevil from Australia (Bagous n. sp.) is in 
quarantine and has been recommended for re
lease by the Technical Advisory Group on 
Biocontrol. Studies are also being conducted 
on moth and midge larvae which are poten
tial bioconuol agents (Center and Dray 1990). 

Pathogens have also been explored as 
biocontrol agents of hydrilla. Macrophomina 
phaseoJina, a pathogen collected in Texas. 
has demonstrated potential as a biological 
control agent for hydrilla (Joye 1990). Addi
tional testing on host specificity and the de
velopment of a commercial formation are 
srill needed. 

Eurasian watennilfoil is the most extensive 
problem aquatic plant in the United States. It 
has been reported from over 30 states. Bio
control research on this plant dates to 1967 
with work in Yugoslavia. The major emphasis 
has been on pathogens to control this plant, be
cause many of the European insects were al
ready found in the United States. 

Mycoleptodiscus terrestris was isolated 
from plants in western Massachusetts prior to 
1979 (Gunner 1983). Testing at the Univer
sity of Massachusetts, funded by the Corps of 
Engineers, indicated that this pathogen had 
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potential as a biocontrol agent of Eurasian 
watennilfoil. At present, ECOSCIENCE 
Laboratories is developing a commercial 
formulation of this product. 

In addition to pathogen research, insects in 
China are being examined as possible biocontrol 
agents of Eurasian warermilfoil. This research 
began in 1989, and a nwnber of candidates 
have been identified (Balciunas, Center, and 
Dray 1989). 

Summary 

Over the last 31 years, the biological con
trol of aquatic plants has been conducted on 
six continents and in over 30 countries, and 
has involved eight overseas laboratories. To 
date, we have released 10 biocontrol insects 
on four plant species. Some or all of the in
sects have been established in 11 states. Five 
more insects are in quarantine or overseas re
search laboratories. Three pathogens have 
been identified and are at various stages of 
testing. In addition, 11 other countries have 
used the technology we have developed in 
bioconuol of aquatic plants. 
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Release and Establishment of Insect Biocontrol Agents 
for Hydrilla Control 

by 

Ted D. Center,l F. Allen Dray, Jr} Clnd W. C. Durden t 

Introduction 

The successful employment of nonnative 
insects for alligatorweed and waterhyacinth 
control in the United States during the 1960s 
and 1970s demonstrated the effectiveness of 
the introduction ("classical") approach to
ward biological control technology in aquatic 
ecosystems (Buckingham 1984). This suc
cess encouraged development of biological 
control programs to address other species of 
aquatic weeds. As a result, the US Depart
ment of Agriculture, in collaboration with the 
US Anny Corps of Engineers, later estab
lished projects for biological control of sev
eral new target species. Biological control of 
Hydrilla verticillata (hydrilla) was identified 
as a top priority by both agencies. 

Hydri/Ja verticiJJata L. is the most severe 
aquatic weed in the southern United States. 
During the period 1982 to 1989, it was esti
mated to infest 40,000 to 60,000 acres in 
Florida alone (Schardt and Schmitz 1989), 
and rapidly expanded into northern regions. 
Herbicidal control of hydrilla has proven ex
pensive and temporary. Partial herbicidal 
treatment of an infestation at a single lake 
(Lake Istokpoga) during 1989 cost the State 
of Florida $1.2 million. This constituted 
20 percent of the state's total aquatic weed 
control budget for that year. Clearly, wide
spread herbicidal control of hydrilla is be
yond the means of most public agencies, and 
alternatives are desperately needed. 

Worldwide faunal inventories initiated in 
1981 resulted in the selection of several can
didate hydrilla biological control agents from 

tropical and subtropical regions for intro
duction into US quarantine (Balciunas 1982, 
1983, 1984, 1985; Balciunas and Dray 1985). 
The first insects selected were the tuber
feeding weevil Bagous affinis and the leaf
mining fly Hydrellia pakistanae from India. 
Host range tests confmned that these two in
sects fed and thrived only on hydrilla (Buck
ingham 1988, 1989, 1990), and both were 
released at field sites in Florida during 1987 
(Center 1989,1990). 

These worldwide surveys were followed 
by more detailed studies in Australia. Five 
candidate species were eventually evaluated 
(Balciunas 1987; Balciunas and Center 1988; 
Balciunas, Center, and Dray 1989). Two of 
these, the leaf-mining fly Hydrellia bal
ciunasi and the stem-boring weevil Bagous n. 
sp., were imported to US quarantine for more 
testing (BaIciunas 1987, Balciunas and Center 
1988, Buckingham 1990). The fanner species 
was released in 1989, and the latter species 
has been approved for release. 

Additionally, fOUf stream-dwelling species 
of moths were found. These were of interest 
because of their perceived potential for hy
drilia control in flowing systems. One spe
cies (Strepsinoma repititalis) was eliminated 
from further consideration because its diet 
was not restricted to hydrilla (Balciunas, 
Center, and Dray 1989). A second species 
(Nymphula dicentra) may be conspecific with 
Parapoynx diminutalis, an Asian species al
ready present in the United States. Further 
research on Aulacodes siennata has been 
postponed due to the loss of field populations 
in Australia. A fourth species (Nymphula 

1 US Department of Agriculture, Agricultural Research Service, Aquatic Plant Management 
Laboratory, Fort Lauderdale, FL. 

2 University of Florida, IFAS Fort Lauderdale Research and Education Center, Fort Lauderdale. FL. 
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eromenaJis) has not yet been fully studied to 
evaluate its potential. 

Although much remains to be done in Aus
tralia, this facet of the project has been largely 
abandoned in order to focus resources on other 
aspects. Meanwhile, additional research has 
been initiated in China to study biological con
trol agents that might be useful against hydrilla 
in temperate regions (Balciunas 1990). As a re
sult, a Chinese Hydrellia has already been im
ported to US quarantine (see Balciunas 1991 
and Buckingham 1991). Also, an African 
midge presumed to be the causal agent of se
vere tip damage and stunting of hydrilla plants 
in Lake Tanganyika was collected and im
ported to US quarantine (see Buckingham 
1991). Further work with this insect seems 
warranted. 

Objectives 

Two approaches may be followed to imple
ment biological control: the augmentation
manipulation approach or the introduction 
approach. The augmentation-manipulation 
approach is one in which the bioagent is ap
plied to the weed in varying numbers at se
lected times. The use of herbivorous fish is 
an example of this. The introduction ap
proach is one in which natural enemies are in
troduced or inoculated into a new area and 
allowed to increase to controlling levels on 
their own. This method is of greatest utility 
against naturalized exotic pests that have 
been introduced free of their natural enemies. 
This latter approach has been the focus of 
our biological control program. 

Several critical research phases are cardi
nal to the introduction approach. The fIrst 
phase involves faunal inventories of the tar
get weed within its native range to assess the 
availability of potential bioagents for intro
duction into the United States. Associated 
with this is follow-up research at the foreign 
location to ascertain the potential safety and 
effectiveness of the prioritized candidates. 
Without this phase, the supply of new 
bioagents dwindles. This happened in the 
aquatic program after the overseas work on 
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waterhyacinth terminated in the mid-1970s. 
New foreign exploration was not initiated 
until several years later. As a result, no new 
bioagents were released on aquatic weeds for 
a 10-year period between 1977 and 1987. 

The foreign research program feeds di
rectly into a domestic quarantine research 
phase, which is equally critical. The purpose 
of this phase is to further test the host speci
ficity (i.e., safety) of candidate bioagents. 
This is done by exposing them, under quaran
tine conditions, to native plants or economic 
plant species that may be perceived to be at 
risk but which are unavailable at the foreign 
location. The agencies charged with certify
ing the safety of these organisms are unlikely 
to grant permission for their release withollt 
this information. 

The quarantine research feeds directly into 
the release program, which is the third criti
cal phase, and the focus of this report. This 
phase involves the deliberate reassociation of 
the foreign bioagenr with domestic infesta
tions of the target weed. Field colonies are 
established and, once developed, serve as a 
source of insects for later inoculation at other 
sites. 0 ur 0 bjective for fis cal year 1990 was 
to establish fIeld colonies of hydrilla bio
agents and to begin to distribute them else
where. 

Results and Discussion 

Bagous affinis was first released in April 
1987 at Lake Tohopekaliga in central Florida 
(Center 1989). More than 10,000 adults, plus 
an unknown number of eggs and infested tu

bers, had been released at 10 sites in Florida 
by mid-1989 (Center 1990). Due to an over
commitment of available resources, we were 
unable to conduct postrelease studies to con
fl.1111 establishment at any of the release sites. 
Only one additional release was made during 
1990 (Table 1) before we lost our laboratory 
colony. At that time we were hopelessly over
burdened with other, more promising new 
bioagents, and were forced to terminate our 
involvement with this insect. We are still 
hopeful, however, that it will be used against 
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Table 1
 
Releases of Hydrllla Tuber Weevil (Bsgous sfflnls) In Florida
 

Number Released' 
Relesse 

No. 
Inlesled
 

Site
 
Releue 

Tuber.2 SI8tUl3Counly Date. a Larvae PupaeEgg. AduUs 

0 No4/87-5/87 2 0 1,487 ILake Tohopekaliga Osceola 0 

0 No6/87 1 0 250 ISunshine Parkway east Palm Beach 0 

No10/87 1 0 ISunshine Parkway west Palm Beach 0 0 203 

0 No51. John's River@ SR46 6/88-7/88 8 0 2,043 ISeminole 0 

Yes I
 
@ Hatbill Park
 

7/87-6/88 U 0 36051. John's River 1 0Brevard 

No I09/87-9/89 0 0 226Harney Pond Canal Glades 2 

a 100 No IBroward 9/87 1 0Everglades Holiday Park 0 

1 0 No IPalm Beach 0 0 200Lake Osborne 11/87 

0 4,225 N10/88-3/89 U 0 NoBilly Peeples' Farm 10Glades 

1/89-3/89 0 1,601 YesRodman ReseNolr4 3 0 PPutnam U 

71 No5/90 1 131 783 INaples Manor Collier 0 

U 71 131 11,478Total 31 

1 Designation of U Indicates members of the stage In question were known to be In the material released, but actual
 
counts were unavailable.
 

2 Affirmative responses in this column indicate that tubers were released from our cultures without being examined for
 
8. sffinis. 

3 Designation P represents a weak positive indication, N represents no positive indication, and I Indicates we were
 
unable to evaluate for establishment.
 

4 A Bagous affinis population persisted briefly at this site during a reservoir drawdown, but rising water levels likely
 
eliminated it.
 

hydrilla in California. Dr. Buckingham is at
tempting to secure additional insects from 
India and to develop new colonies for this 
purpose. 

Hydrellia pakistanae was fust released at 
Lake Patrick in Polk County I Florida, during 
October 1987. Numerous additional releases 
that brought totals to about 44,000 eggs, 
4,600 larvae, and 600 adults were made dur
ing 1989 (Center 1990). Despite initial re
coveries of small numbers of flies at two 
sites (Center 1989), we were unable to con
clude that populations had established at any 
of the release sites by the end of 1989. 

We felt that we were releasing too few 
flies at too many sites that were much too 
large. Alternatively, we decided to repeat
edly release large numbers of flies within 
enclosures at a single small site until either a 
population had become established or we 

were convinced that they could not be estab
lished at that site. 

Also, whereas we had been releasing eggs 
as soon as they could be collected from ovi
position chambers and counted, we elected in
stead to hold them a bit longer prior to their 
release. Thereafter, we placed the eggs on 
hydrilla into water-filled pans and held them 
in the laboratory for 10 to 14 days before 
moving them to the field. This resulted in a 
change in strategy, from the release of eggs 
to the release of a range of stages (from eggs 
to relatively large larvae) (see Figure 1). 

For the establishment of initial field colo
nies, we selected two small ponds. One was 
a drainage. pond for a newly constructed Inter
state highway (the Hacienda Village site), 
and the other was a borrow pit located at the 
West Palm Beach International Airport. 
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We placed a shallow cage on the swface 
of the "topped-out" hydrilla mat and anchored 
the cage to the bottom at each site. The cage 
was constructed from 2-in,-square channeled 
aluminum framing (the type used to construct 
screened patios). It consisted of an open frame 
(1 by 1 m) on the bottom with a hinged, 
screened lid on top. D-rings were secured to 
the sides of the frame, and PVC-pipe poles of 
appropriate length were passed through the 
D-rings and pounded into the bottom to hold 
the cage in place. The aluminum framing was 
filled with polystyrene to provide flotation. 

Releases were usually made by opening 
the hinged top and placing hydrilla that was 
infested by immature stages of the flies into 
the existing mat. We continued releasing in 
this manner until it appeared that the flies had 
established at that locus, We then moved the 
cage to another spot within the same area and 
repeated the process, We released as many 
insects as we could possibly procure, as often 
as possible (frequently at weekly intervals). 

Nine releases were made at the highway 
site during January and February 1990, which 
consisted of nearly 29,000 eggs and larvae, 
Seven releases were made at the airport site 
between November 1989 and January 1990, 
including 16,000 eggs, larvae, and puparia. 
Populations quickly established at both sites. 

Encouraged by the results at the small 
sites, we then attempted to establish the flies 
at a larger site. We chose Lake Hicpochee 
for this purpose, Lake Hicpochee is located 
at the southwest end of Lake Okeechobee, 
The lake is bisected by the Caloosahatchee 
River. We chose the section on the north 
side of the river as a release area and began 
making releases in March 1990. This con
tinued until September 1990, during which 
time 25 releases were made that totaled over 
30,000 insects (Table 2), (We also made 
three releases during 1989 comprising a total 
of about 5,000 insects, but these failed to 
establish.) 

Unfortunately, when the site was revisited 
on 7 September 1990, the hydrilla was gone. 

Almost all of the aquatic vegetation appeared 
to have been seamed by a massive movement 
of water through the site. A few small patches 
of hydrilla were found, however, and a few 
adult H. pakistanae were collected from them. 
Thus, we felt that a population of H. pakis
tanae probably was established in the area. 

The experience at Lake Hicpochee dis
closed a disadvantage to using an open system 
for the purpose that we had in mind, namely 
establishing field colonies. Although in
fested plants may have persisted somewhere 
in the system, we had no way of ascertaining 
their location. We decided that at least dur
ing the early stages of the release process, it 
was bener to use small, closed systems 
where the hydrilla population was conflOed 
to a limited area. 

We now have H. pakistanae populations 
established at the airport site, the Hacienda 
Village site, and the Orangebrook Country 
Club Pond in Hollywood. We had intended to 
establish only H. baLciunasi at tbe latter site, 
but contamination of our colonies resulted in 
the accidental release of unknown numbers of 
H. pakistanae there, It now harbors a well
established population of H. pakistanae. 

A population has also established at a 
small lake located about 2 miles from the Ha
cienda Village site. Flies were not inten
tionally released in this location, but have 
apparently gotten there on their own, We 
have also made initial recoveries of flies 
from Lake Seminole, from the Wacissa 
River, at Eagle Bay on Lake Okeechobee, 
and at two Lakeview sites. Although the sta
tus of fly populations at these laner sites is 
uncertain, initial indications are promising. 

The key factor in finally achieving estab
lishment of H. pakistanae seems to have 
been our ability to acquire sufficient numbers 
of insects and to concentrate them within a 
small area, As can be seen in Figure I, the 
number of insects that we produced increased 
dramatically during 1990. This was largely 
due to supplemental funding provided by a 
state agency (Florida Department of Natural 
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Table 2 
Releases of Hydrilia Leaf-mining Fly (HydreJl/a paklstanae) 
In Florida and Southern Georgia 

Site 

Lake Lenore 

Rodman Reservoir 
@ Spike Club 

Everglades Holiday 
Park 

lake Hicpochee4 

Lake Osborne 

Fisheating Bay, 
L.Okeechobe9 

No. Number Released' 
ReIINlI. R.lelll. Inl.lled 

County Dale. I Eggs Larvae PuparlB Adults Sprlgs2 

Polk 10/87 1 6,000 2,600 0 600 No 

Marion 11/87 1 1,000 0 0 0 No 

Broward 2188~/88 2 6,177 0 0 0 No 

Glades 3/88-9/90 28 5,093 31,869 578 0 No 

Palm Beach 5/88 1 3,870 0 ° 0 No 

Glades 8/88-3/89 2 387 3,078 ° 0 Yes 

Slatus3 

N 

N 

P 

P 

I 

N 

Big Bear Beach, 
l. Okeechobee 

Eagle Bay Island, 
L. Okeechobee 

North New River 
Canal 

Glades 11/M-lU90 6 9,749 215 ° 1,034 No 

Okeechobee 11190-12190 5 34,551 U U 3,000 Yes 

Broward 1/89 1 0 0 0 0 Yes 

I 

P 

I 

Lake Tohopekaliga 

sears Lake 

US27/SA78 canal 

Palm Beach Airport 

Lake Seminole, 
Georgia 

Hacienda Village 

Wacissa Springs @ 
Horsehead Run 

Wacissa Springs 
@ boat ramp 

Wacissa Springs 
1 mi. south of 
springs 

Uttle River 

Lakeview north 

Lakeview south 

Lake Robin Hood 

Orangebrook Golf 
Club6 

Osceola 3/89-1V90 3 3,227 143 0 3,300 No 

Polk 3/89 2 3,531 0 0 0 No 

Glades 4/89 1 410 119 ° 0 No 

Palm Beach 11189-1/90 7 13,223 3,140 157 0 No 

Decatur 6/90-10/90 5 20,110 8,024 747 3,244 No 

Broward 1/90-2190 9 18,582 10,249 0 0 No 

Jefferson 10/90 1 10,430 1,561 153 3,500 No 

Jenerson 11/90 1 a 600 600 0 Yes 

Jefferson 10/90 1 0 0 sea 0 Yes 

Jefferson 10/90 1 0 500 500 334 Yes 

Broward 11190 2 0 650 650 0 Yes 

Broward 11190 1 0 100 100 0 Yes 

Lake 12190 1 0 0 ° 1,200 No 

Broward 2190-7190 '\0 U U U U Yes 

I 

I 

I 

E 

I 

E 

I 

I 

P 

I 

f 

E 

I 

E 

Total 92 136,340 62,848 4,073 16,212 

1 Designation of U indicates members of the stage in question were known to be in the material released, but actual 
counts were unavailable. 

2 Affirmative responses in this column indicate that tubers were released from our cultures without being examined for 
Hydrellla pakisranae. 

~ Designation N represents no positive Indication, P represents a weak positive Indication, I indicates we were unable 
to evaluate for establishment, and E represents a strong positive indication of establishment. 

4 A Hydre/lia pakisranae population persisted briefly at this site during a resef\loir drawdown, but rising water lavels 
eliminated this population. 

5 This was originally a H. balciunasi release site. By 9 February 1990, however, our H. balciunasi cultures had become 
contaminated with H. pakistanae, Thus, subsequent releases at this site contained an unknown number of H. pakistanae, 
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Resources), but it is also a result of improve~ 

ments in our rearing procedures. We have 
now begun to recollect from field colonies as 
a means of supplying insects for release at 
other sites. We expect field populations to 
become our principal source of H. pakistanae 
within the next 1 or 2 years. 

Hydrellia balciunas was fIrst released in a 
small pond at the Orangebrook Country Club 
in Broward County, Florida, on 1 September 
1989 (Center 1990), employing the strategy 
described above. By April 1990 we had re
leased about 12,000 eggs and larvae by making 
27 separate releases into small enclosures at 
weekly intervals (Table 3). 

A single adult H. balciunasi was recovered 
about 25 m from the enclosure, so we felt that 
it was established at the site. However,later 
collections of hundreds of adults provided only 
H. pakistanae, which to our knowledge had 
never been released there. Further checking 
revealed that our H. balciunasi colonies were 
contaminated and overwhelmed by H. pakis
lanae, and that this had been true for some time. 
We later learned that the original colonies at the 
Gainesville quarantine laboratory (which pro
vided our original stock) were also contami
nated. We therefore purged our colonies by 
releasing the remaining material at the site. 

We received "clean" stock from Gaines
ville at a later data and are now in the process 
of producing new pure colonies of this species. 

However, the Orangebrook pond could no 
longer be considered a H. balciunasi site, al
though it may persist there in very low numbers. 

Future Studies 

We plan to continue our attempts to estab~ 

lish H. pakistanae at large field sites. We will 
most likely focus on Lake Okeechobee, and 
possibly Lake Seminole. We will also renew 
attempts to establish field colonies of H. bal
ciunasi, first at small sites and later at larger 
sites. As field populations become available, 
we will begin to evaluate their impacts. 

We will collect from field sites and inocu
late experimental sites with sufficient num
bers to ensure rapid establishment, and then 
compare the hydrilla populations at these 
sites to hydrilla at noninoculated sites. This 
will enable us to determine which aspects of 
the hydrilla populations are altered by these 
insects. We will then use this information to 
study the long~term impacts of the bioagents 
upon the plant populations by monitoring 
characteristics that seem most important. 

In addition, we will begin to develop 
laboratory colonies of and begin a release 
program with the newest hydrilla bioagent, 
Bagous n. sp. This Australian weevil has 
been approved for release, and we are await
ing permits. We will eventually work toward 
evaluation of this insect, as well. 

Table 3 
Releases of Hydrllla le8f~mlnlng Fly (Hydre/lla paklstanae) In Florida 

No. Number ReleBaed1 

Release Release Infeated 
Site County Dales s Egga Larvae Puparla Adults Sprlga 2 StatuI 

Orangebrook Golf Broward 2189-4f90 27 1,127 10,936 as U Yes p3 

Club 

1 Deslgnation 01 U indicates members of the stage in question were known to be in the material released, but actual 
counts were unavailable. 

2 Affirmative response in this column Indicates that tubers were released Irom our cultures without being examined lor 
H. bafciunasi. 

3 Oesignation P represents a weak positive indication. By 9 February 1990, our H. bafcivnssi cultures had become 
contaminated with H. pakistanae. Thus, subsequent releases at this site contained unknown numbers 01 H. balciunasi 
and H. pakistanae. 
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Biological Control of Eurasian Watermilfoil Using Plant
 
Pathogens
 

by
 

Craig S. Smith l and Linda E. Winfield l
 

Introduction 

The pathogenic fungus Mycoleptodiscus 
terrestris (MT) has demonstrated consider
able potential for use as a mycoherbicide for 
the control of Eurasian watermilfoil, Myrio
phyllum spicatum L. (Gunner et a1. 1990, 
Stack 1990. Winfield 1990). The focus of 
current research efforts is the development of 
formulations capable of controlling the plant 
in the field and techniques for their successful 
application. 

This paper reports the results of two studies: 
(1) a greenhouse study to determine the rela~ 

tive susceptibility to MT of plants before and 
after canopy formation and (2) a field trial of 
a commercial MT formulation conducted in 
O.4-acre ponds at the Lewisville Aquatic Eco
system Research Facility. 

Methods 

Greenhouse timing study 

The relative effectiveness of MT against 
Eurasian watermilfoil plants before and after 
canopy formation was evaluated by inoculating 
plants at different stages of growth. Plant cul
tures were started on two dates, 5 weeks apart, 
and were inoculated when the older plants had 
fanned a canopy but the younger plants had 
oot yet reached the surface. 

For this experiment, rooted plants were 
cultured in acrylic cylinders 16.5 cm in 
diameter by 1.5 m in height, as described by 
Smart and Barko (1985). Cylinders were 
placed in a greenhouse under natural light 
and immersed to approximately half their 

height in temperature-controlled water tanks 
maintained at 20° ± 10 C (Figure 1). 

Figure 1. Setup jor greenhouse study oj MT timing 

The sediment in which plants were rooted 
was collected from Browo's Lake, Missis
sippi. using a Pooar dredge. Columns were 
filled with plant culture solution (Smart and 
Barko 1985) (see Table 1) and were aerated 
during the experiment by bubbling com
pressed air through them. The temperature 
and pH of the solution in each column were 
monitored approximately once a week during 
the experiment. 

Table 1 
Recovery 01 MT from Inoculated 
Culture Cylinders In the Greenhouse 
Tlmlng-ot-Appllcatlon Study 

Plant 
Segmenl 

Number of Inoculated Cylinders from 
Which MT Wee Recovered (percent) 

Apical 0(0%) 

Middle 7 (58%) 

Bottom 10 (83%) 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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The first planting consisted of 18 cylinders, 
each planted with three IS-em sprigs of Eura
sian watennilfoil. Six cylinders were placed 
into each of three temperature-controlled 
tanks. Five weeks after planting the first 
cylinders, a second set of 18 cylinders was 
planted in the same fashion. Six cylinders 
were placed into each of the three tanks that 
already contained cylinders from the first 
planting. Six weeks after planting the second 
set of cylinders, four randomly selected cylin
ders from each tank (two from each planting) 
were removed, and the plant biomass and MT 
population size in these cylinders were deter
mined (see below). Half of the remaining 
cylinders in each tank (i.e., two from each 
planting) were then inoculated with MT by 
adding 16.0 g of commercial MT fonnulation 
(Ecoscience Laboratories, Amherst, MA) to 
each column. 

At harvest time, plants were removed from 
the cylinders and washed thoroughly with run
ning tap water. lbree 2.5-cm stem segments 
with attached leaves (one from the apex, one 
from the middle, and one from just above the 
root crown) were removed from each of the 
three plants from each column and plated to de
termine whether MT was present (see below). 
The remaining plant material was separated 
into roots and shoots, dried for 4 to 5 days at 
100° C, and then weighed. 

Stem segments to be assayed for MT were 
surface sterilized in 70 percent ethanol for 
15 sec, blotted dry on sterile paper laboratory 
wipers, and rinsed twice with sterile distilled 
water. Then, leaf and stem pieces were plated 
separately on Martin's agar (Martin 1950). Ap
proximately 3 days after plating, the presence 
or absence of MT-like fungi growing from 
the pieces of each plant segment was recorded. 
Fungal colonies appearing to be MT were 
plated on potato dextrose salts agar (Sneh 
and Stack 1990). Only colonies having the 
characteristic growth and appearance of MT 
on both media were recorded as MT. 

Plant biomass data were analyzed as a ran
domized complete block experiment using 
two-way ANOY A. Plant age (precanopy or 

Smilh & Winfield 

postcanopy formation) and time/treatment 
(initial, final/inoculated. final/control) were 
the two experimental factors. Cylinders from 
each of the three temperature-controlled 
tanks were considered a block in the analysis. 
Orthogonal contrasts were used to evaluate 
the effect of inoculation with the fungus on 
biomass, and the relative response of plants 
of different ages to inoculation. Treatment 
means were compared using Duncan's 
Multiple Range Test. 

Pond experiment 

A field test of the effectiveness of MT was 
conducted in ponds 40 and 41 of the Lewis
ville Aquatic Ecosystem Research Facility. 
Prior to planting, the ponds were rototilled, fer
tilized with ammonium sulfate at a rate of 500 
lb/acre (560 kg/ha), and rototilled again to in
corporate the fertilizer into the bottom sedi
ments. The ponds were planted on 3 and 4 
May 1990 with Eurasian watermilfoil col
lected from a nearby culture pond. 

Milfoi1 stems were planted along the wa
terline as the ponds filled by inserting the 
lower end of the stems at least 10 em into the 
bottom sediments and pressing sediments 
down around them. The deepest parts of the 
ponds were planted with groups of three 
plants spaced 0.5 m apart, while the remain
der of the pond bottoms were planted with 
groups of two stems spaced 0.6 m apart. The 
sides of the' ponds and areas shallower than 
0.5 m were not planted. 

Approximately 6 weeks after planting, each 
pond was divided lengthwise using curtains 
of Permalon pond liner material. On 15 June 
1990, one side of each pond was inoculated 
with MT. Pellets of fonnulated MT were 
broadcast by hand using a plastic scoop at an 
approximate rate of 31 lb (dry weight) per acre 
(1.5 lb ai./acre). 

Biomass of milfoil in the half-ponds was 
measured just prior to inoculation and 4 weeks 
postinoculation by harvesting l.0-m2 quad
rats. Four sampling stations were arranged at 
lO-m intervals along the long axis of each 
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half-pond, starting from the valve end. For 
the initial sample, one quadrat was harvested 
at each sampling station. For the 4-week 
sample, two quadrats were harvested 1.0 m 
from the sampling station along randomly 
chosen diagonals. All Eurasian watermilfoil 
plants rooted in each sample quadrat were ex
cavated from the sediments by hand, washed 
in situ, dried at 100° C to a constant weight, 
and weighed. 

The abundance of MT on milfoil plants and 
in the water was measured by plating on 
Martin's agar. A water sample and a plant 
sample for this purpose were collected from 
each sampling station weekly, beginning just 
prior to inoculation. Water samples were sub
surface grab samples collected directly in ster
ile Whirl-Pak bags. One-milliliter aliquots of 
water samples were spread on Martin's agar, 
and colonies having the characteristic morphol
ogy of MT were counted approximately 3 days 
after plating. Plant samples were entire plant 
sterns, collected by hand. Segments from the 
apex, middle, and bottom of each stem were as
sayed for MT as described above. As before, 
suspected MT colonies were plated onto potato 
dextrose salts agar, and only those which re
tained the appearance of MT on that medium 
were considered to be MT. 

The temperatwe of the water in the ponds 
was measured just below the surface (10-cm 
depth), at approximately the depth where Eur
asian watermilfoil forms a canopy. Initial 
measurements were made with a thermome
ter; on day 7 after inoculation, a datalogger 
was set up to monitor water temperatures 
hourly until the end of the experiment. 

Comparisons of final (4-week) measure
ments of plant biomass in the treated and un
treated pond halves were made using a paired 
t-test. Each pair consisted of the biomass val
ues for quadrats in the same position in the 
pond halves, but on opposite sides of the di
vider. Differences between paired samples 
were tested against the null hypothesis that 
they were equal to the average difference be
tween the plant biomass on treated and control 
sides of the pond at the time of inoculation. 

Results 

Greenhouse timing study 

Four weeks after inoculation, the biomass 
of plants treated with MT had not increased 
from that prior to inoculation, while the bio
mass of untreated controls had more than 
doubled (Figure 2). Final biomass and the 
response to inoculation with MT were essen
tially the same for plants in both the pre
canopy and postcanopy formation groups. 
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Figure 2. Initial (preinoculntion) andjilUll (4 weeks 
postinoculntitJn)bwmass ojplants treated with MT or 
uninoculaJed (control). Pl4nts were either inoculated 

before (precanopy) or after (postcanopy) they had 
formed a canopy at the surface. Bars with the same 

letter did not differ significantly at P = 0.05 

Although MT was not detected in any of 
the initial or control plants, it was frequently 
detected in middle and stem base pieces of 
plants from the inoculated columns (Table 1). 
Even in the inoculated columns, MT was 
never isolated from apical plant pieces. 

Although the colomns were partially im
mersed in water tanks maintained at 20° C, 
temperatures in the columns were typically 
near 25° C and varied by several degrees 
among columns and dates (data not shown). 

Pond experiment 

By the time of inoculation, watermilfoil in 
the ponds had reached an average biomass of 
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27.7 g (dry mass) m-2 . Myriophyllum 
spicatum biomass in the left (treated) half of 
pond 40 was considerably higher than that in 
the other three ponds (Figure 3). Four weeks 
after inoculation, plant biomass in all pond 
halves had declined slightly. A paired t-test 
revealed that differences between the plant 
mass in treated and controlled pond halves 
were not significantly different (P > 0.05) 
from those existing prior to inoculation. MT 
was never detected in any of the water or 
plant samples from the ponds. 
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Figure 3. Bw11UJSS of Eurasian watermilJoll plants 
in treated (T) and control (C) halves 0/Lewisyille 

ponds 40 and 41, just prior to tnocuJat/()n with 
MT (Initial) and 4 weeks after inocuJat/()n (final) 

Temperatures in the two ponds ranged from 
33° to 35° C at the surface to 31° to 32° C near 
the bottom immediately after inoculation. 
During the 4 weeks following inoculation, 
maximum daytime subsurface temperatures 
were typically 33° to 37° C, decreasing to 
28° to 30° C by the end of the night. 

Discussion 

In greenhouse cylinders, inoculation with 
MT resulted in a substantially lower biomass 
of Eurasian watermilfoil than was produced 
by uninoculated controls. Plant age had no 
discernible effect; MT was equally effective 
against plants before and after canopy forrna

tion. MT was readily reisolated from lower 
and middle stem pieces from inoculated plants, 
showing that the fungus had become well estab
lished in parts of the plant that had likely been 
present at inoculation. However, the failure to 
detect MT in apical stem pieces raises doubt 
that secondary MT infections were keeping 
pace with new plant growth, even on the se
verely impacted plants in these treatments. If 
this is true in other circumstances, biological 
control of Eurasian watennilfoil by MT will be 
limited to that produced by the initial inoculum 
and any propagules produced by it. 

Elevated water temperatures in the Lewis
ville ponds probably contributed to the fail
ure of MT to control Eurasian watermilfoil. 
The temperature limits for MT effectiveness 
have not been determined, but MT grows 
rather poorly on standard microbiological 
media at 30° C and above (1. Stack, personal 
communication). Effective use of MT in 
shallow ponds in the southern United States 
will probably require inoculation in the early 
spring. At the Lewisville facility, inocula
tion with MT in late April would probably be 
optimal. By then, watennilfoil plants will 
have formed a canopy at the water surface, 
and the water temperature should be approxi
mately 25° C. 

An obvious shortcoming of the pelletized 
formulation of MT is its limited ability to 
stick to plants. In greenhouse experiments, 
efficient retention of pellets by the tightly 
packed plant canopy undoubtedly contributes 
to the observed effectiveness of MT. In the 
ponds, few of the MT pellets were inter
cepted by the plant canopy, and most settled 
to the surface of the sediments. Even if infec
tion of plants by spores produced on the sur
face of pellets is a major means of disease 
transmission, pellets on the sediment surface 
are not likely to contribute to the infection of 
plants. Development of an improved formu
lation that is more effectively intercepted by 
the plant canopy should precede any addi
tional field trials of MT. 
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Biotechnical Approaches to Aquatic Plant 
Management: Genetic Engineering 

by 

S. L. Kees 1 and E. A. Theriot l 

Introduction 

This work unit addresses the use of geneti
cally engineered microorganisms for aquatic 
plant biocontrol. In June 1987. a workshop 
was conducted at the Waterways Experiment 
Station to detennine the feasibility of applying 
genetic engineering technology to a biomanage
ment strategy for submersed aquatic plants 
(Theriot 1987). That committee of technical 
experts advised that availability of host
specific microbes was essential for the appli
cation of genetic engineering technology to a 
microbial biocontrol strategy. Based on that 
guidance. our purpose has been to identify 
mechanisms of specificity at both the organis
mic and molecular levels. 

The search for mechanisms of specificity 
at the organismic level was conducted by 
Dr. Craig Smith and the University of Wis
consin at Madison (Smith et al. 1989). The 
WES research focused on mechanisms of 
specificity at the molecular level. 

Our pursuit of mechanisms of specificity 
at the organismic or cellular levelled to the un
derstanding that there are four distinct stages at 
which specific association may occur between 
microbe and host plant (Theriot and Kees 
1989). The assay developed by the University 
of Wisconsin was designed to evaluate associa
tion at each of these levels. The labor-inten
sive and time-consuming nature of this assay 
necessitated the development of a faster, sim
pler assay that would allow screening of large 
numbers of microbes from a perspective of visi
bly quantifiable pathogenesis. The rapid 
screening assay protocol is described in the 
Materials and Methods section which follows. 

Plant lectin involvement in the association 
of host-specific microbes has been documented 
in terrestrial systems (Dazzo and Hubbell 
1975). OUf objectives were to determine 
whether leetins exist in hydrilla (Hydrilla 
verticil/ata) and/or Eurasian watermilfoil 
(Myriophy//um spicatum), to identify the hap
tenic specificity of the lectin for both target 
species, and to demonstrate lectin-mediated 
specific agglutination of fungal hyphae. 
Lectin has been isolated from both plant spe
cies and has, in each case, demonstrated an 
affinity for the six carbon sugar a-L-fucose. 
Hydrilla lectin appears to be the same in tubers 
as it is in stems and leaves; milfoil lectin ap
pears to be the same in seedpods as it is in 
stems and leaves. No detectable quantities of 
lectin were found in the roots of either plant 
species. 

Having verified the presence of lectin for 
both plant species and lectin haptenic speci
ficity, our next objective was to evaluate the 
importance of the molecular interaction be~ 

tween plant surface leetins and microbial 
surface antigens as a mechanism of specific 
association. 

Materials and Methods 

Rapid screening bioassay 

Cryosamples of approximately 400 fungal 
isolates were plated for purity on potato dex
trose agar (PDA), and then transferred to PDA 
slants and refrigerated until tested in the 
rapid screening bioassay. Four agar plugs 
were taken from 7-day-old PDA cultures of 
the test isolate (using a sterile no. 3 cork 
borer) and were placed facedown on a 4.0-cm 

1 US Army Engineer Waterways Experimen[ Station, Vicksburg, MS. 
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apical segment of healthy leafy plant tissue 
in glass petri dishes (100 by 20 mm) contain
ing 40 ml of sterile Smart and Barko medium 
(Smart and Barko 1985). 

The assay was run for 7 days on a 16:8-hr 
light cycle at room temperature. Both treated 
and untreated controls were run simultaneously 
with each group of test isolates. The treated 
control for hydrilla isolates was Macropho
mena phaseolina; the treated control for mil
foil isolates was Mycoleptodiscus terrestris. 

Pathogen selection 

Four known pathogens were selected for 
evaluation of the lectin association mecha
nism. The two hydrilla pathogens tested 
were Macrophomena phaseo/ina and Fu
sarium roseum culmorum. The two milfoil 
pathogens tested were Mycoleptodiscus ter
restris and Colletotrichum gloeosporioides. 

Pathogen bioassay 

Pathogens were grown on petri plates of 
Richard's V-8 agar containing 250 mg/L of 
chloramphenicol for 4 days. Six agar plugs 
from a sterile no. 3 cork borer were used to 
inoculate 125 ml of Richard's V-8 broth con
taining 250 mg/L of chloramphenicol. The 
liquid cultures were grown on a rotary shaker 
at 160 rpm for 3 to 4 days at room tempera
ture. Fungal cultures were homogenized for 
2 min in a Sorvall Omni-Mixer (speed set
ting, 10) submersed in an ice bath to dissi
pate heat. 

Five milliliters of the homogenized fungal 
mycelium was added to 45 ml of sterile 
Smart and Barko medium (Smart and Barko 
1985) containing a lO.O-cm apical segment 
of healthy, leafy plant tissue. Symptoms of 
gross pathogenesis were recorded at 1, 3, 7, 
and 14 days postinoculation. 

Fungalatlachmentassay 

Fungal pathogens were grown per the 
pathogen bioassay protocol described above. 

Biological Control 

One-centimeter-Iong leaf and stem seg
ments of plant tissue were surface sterilized 
in a 10-percent solution of hydrogen perox
ide for 1 min, then rinsed three times in ster
ile distilled water and once in sterile buffered 
Tween 80 for 30 min to allow dissipation of 
residual hydrogen peroxide. Six plant frag
ments were placed in sterile Smart and Barko 
medium and treated with a mycelial suspen
sion of each of the four fungal pathogens for 
oand 16 he. At 0 and 16 hr, respectively, 
three plant fragments were removed from the 
fungal suspension, rinsed three times in ster
ile distilled water to remove unattached cells, 
and then sonicated for 3 min with an Artek 
sonic dismembrator model 150 (setting, 48) 
in 7.5 ml of sterile distilled water to remove 
tightly bound microbes. Fungal attachment 
was determined by dilution plating the sonica
tion medium on PDA containing chloram
phenicol. The at1achment index represents 
the number of colony forming units per milli
liter of sonication medium. 

Agglutination of fungal hyphae 

Fungal pathogens were grown per the 
pathogen bioassay protocol described above 
except that fungal mycelia were filtered 
through five layers of sterile cheesecloth 
prior to homogenization. The mycelia were 
then rinsed three times in sterile distilled 
water and adjusted to a 2-perceot suspension 
in sterile phosphate buffered saline. 

Sterile glass depression slides containing 
50 ~L of the 2-percent suspension of fungal 
hyphae and 50 I!L of affInity chromatography
purified lectin at physiological concentrations 
were incubated for 1 hr at room temperature. 
The slides were then examined for evidence of 
agglutination with a Leitz Diaplan standard 
light microscope equipped with phase
contrast optics at 40x and 1(){)x magnification. 
Untreated controls were run simultaneously 
and were treated with 50 \.lL sterile phos
phate buffered saline in lieu of plant lectin. 
Hyphal agglutination was determined based 
on comparison with untreated controls. 
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Results 

The rapid screening bioassay resulted in 
the identification of ten new potential patho~ 

gens on hydrilla and nine new potential 
pathogens on Ewasian watennilfoil (Table 1). 

The pathogen bioassay against hydrilla 
(Figure 1) showed minor pathogenesis at day 
3 for both M. phaseolina and M. terrestris. 
By day 7. all four pathogens significantly im
pacted the growth of hydrilla. Macro
phomena was by far the most pathogenic. 

nonspecific attachment to a number of sur~ 

faces, including acid-washed glass slides. 

The third assay evaluared the agglutination 
of fungal hyphae by affinity chromatography
purified lectin at physiological concentrations 
(Table 2). None of the pathogens tested were 
agglutinated, Le. recognized, by hydrilla lectin. 
This is, of course, consistent with hydrilla at
tachment assay data, which suggest the ab
sence of specific attachment. Agglutination 
of fungal hyphae by milfoillectin occurred 
for all pathogens tested except M. phaseolina. 

Table 1 
Isolates Identified 
In Rapid Screening 
BIoassay 

H. vert/clllsta Pal hog ena 

FHy 20 SF 7 

FHy 26 8F 8 

F09 9F 8 

FR 7 10F 11 

4F 3 12F 1 

M. sp/clItum Pathogens 

FH 12 LMy 1 

FH 14 LMy 2 

FE 1 LMy9 

FM 1 LMy 10 

FMy 3 

The second assay ad
dressed microbial at
tachment (Figure 2). 
According to the litera
ture, any specific attach
ment that is going to 
occur does so within 
the first 6 to 12 hr. At 
16 hr postincubation, 
none of the pathogens 
demonstrated signifi
cant attachment to 
hydrilla except Cot
letotrichum, which has 
been reponed exten
sively in the literature 
to exhibit considerable 

KeEls & Theriot 
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Figure 1. Impact ojselec~d pathogens on hydrlUa at days 3 and 7 
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Table 2 
Agglutination of Fungal Hyphae 
by Plant Lectlns1 

Pathogens Hyd rilla Lectl n Eurasian Leetl n 

F. roseum - + 

M. phaseolina - -
C. gloeosporiodes - + 

M. lerrestris - + 

1 Symbols denote occurrence (+) or absence (-) of 
a99 lutln ation. 

The attachment data 
for milfoil (Figure 3) 
show a high degree of 
specific attachment for 
Fusarium and, to a 
lesser degree. Col
letotrichum. Again, 
bearing in mind the 
propensity of Col
letotrichum toward non
specific binding, it 
would appear that Fu
sarium is the only 
pathogen demonstrat
ing specific attachment. 

The pathogen bioas
say data for milfoil 
(Figure 4) show all 
pathogens except Fu
sarium having at least 
minor impact on the 
species by day 3. This 
trend persisted through 
day 7, with Macro
phomena again being 
the most pathogenic. 

Summary and 
Conclusions 

The rapid screening 
bioassay resulted in the 
identification of ten 
new potential patho
gens on hydrilla and 
nine new potential 
pathogens on milfoil. 

Biological Control 

Evaluation of the lectin-mediated associa
tion mechanism has produced data that are 
consistent with and lend credence to the spec
ulation that lectins may have some function 
in inhibiting fungal growth and/or spore ger
mination (Barkai-Golan, Mirelman, and 
Sharon 1978; Mirelrnan et al. 1975). In the 
case of hydrilla, when there was no specific 
attachment to plant tissue in the first 16 hr, 
there was no agglutination of fungal hyphae 
by affmity chromatography-purified lectin, 
and measurable pathogenesis ensued. 

Attachment Index 
'so r'-------------------------------~ 

142.~ 

\40 

"0 

'00 

so 

60 

'0 

20 

0--
F. rO.IJiI!!I'UfI) 

Pathogens 

All aohmenl Index • II Fu ngal CF Us/m I de
lached ',om a 1 cm planl 'ragmenl aile' 
16 hours IncubaliDn. 

M, !DhlUl&QWU. C. olo~OsDorlolcles ~, 1t!!!,t@oUtll. 

Figure 3. Attachment of selected pathogens to infiJct milfoiJ tissues 
within the[lrSt 16 hr 

Damage Index 

... 2.6 

I.~ 

_ 

o 

F. roa~um 

0.6 

Conl,cls I laMed wit h V8B. 

M. ph••eoUna 

:3 day.s §ill 1 d,ilY:8

C g~o.ospo'loh~~. M. t,f!lrr~.'t'. 

Pathogens 

CO-MfOI 

., I 
~ 

Figure 4. Impact of selecttd pathogens on mi(foil at days 3 and 7 

WES MP A-91-3. June 1991 Kees & Theriot 141 



Biological Control 

In the case of milfoil, if the questionable 
binding of Colletotrichum is dismissed as a 
false positive, a pattern identical to that seen 
in the hydrilla assays likewise suggests that 
the absence of lectin-mediated specific recog
nition of the pathogen is likely to result in 
measurable pathogenesis, at least in an oppor
tunistic scenario such as this where plant de
fense integrity has been compromised. 
Therefore, although lectins do appear to have 
a role in the specific association of microbes 
to host plants, that association, based on 
these preliminary data, somehow confers im
munity to pathogenesis by that microbe. 
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Biotechnical Approaches to Aquatic 
Plant Management: Allelopathy 

Influence of Various Aquatic Plant Extracts on the 
Growth of Hydrilla verticil/ata Royle 

by 

Ha~ey L. Jones l and Stewart L. Kees1 

Introduction	 candidate aquatic plants that would reduce the 
growth, reproduction, and/or distribution of the 
aquatic hydrophyte Hydrilla verticillata usingThe term allelopathy was first coined by 
bioassays. Bioassays are a first step in deterMolisch in 1937. Specifically, allelopathy 
mining allelopathic potential. Test tube assaysrefers to the biochemical interactions that 
were used as a rapid screening method to intake place among plants, but its effectiveness 
dicate the allellopathic potential of variousdepends on the addition of a chemical to the 

environment (Sutton 1986a). In general, the candidates. Through laboratory bioassays, 
term allelopathy refers to the detrimental Elakovich and Wooten (1989) listed several 

aquatic plants that have the allelopathic poeffects of higher plants of one species (the 
tential to reduce or inhibit the growth ofdonor) on the germination, growth, or devel


opment of another species (the recipient) other species.
 
(Putnam 1985).
 

There are few studies that show the 
Rice (1974) provided a more functional defi allelopathic effects of submersed aquatic 

hydrophytes.nition of allelopathy, which is taken to mean 
any direct or indirect hannful effect by one 
plant (including microorganisms) on another Methods and Materials 
through production of chemical compounds 
that escape into the environment. Similarly, Test tube bioassays were conducted in the 
Parker (l984) defined allelopathy as the harm greenhouse in a circulated waterbath at a con
ful effect of one plant or microorganism on stant temperature of 25° C. The objective of 
another owing to the release of secondary this research effort was to test a number of 
metabolic products into the environment. aquatic plants for their ability to reduce the 

growth, reproduction, and! or distribution of 
Allelopathy is a potentially important mech the hydrophyte Hydrilla vertieillata, Proce

anism in fighting the war against undesirable dures used in this study were modified from 
nuisance weed problems. Studies have shown Elakovich and Wooten (1989). 
that some plants have the capability of eradicat
ing other species in the same area; however, Test species selection 
most of these studies have been conducted 
using terrestrial plants or plants located in the Species selected for analysis were based 
littoral zone of aquatic habitats, on repons of potentially allelopathic hydro

phytes found in peninent literature reviews 
The purpose of this research effort was to and the publications of Elakovich and 

conduct experiments to determine potential Wooten (1989). In the study reported herein, 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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the species selected were examined for their 
allelopathic potential to impact the growth of 
the target species Hydrilla verticillata. A list 
of selected species is given in Table 1. 

Table 1 
Plant Species (and Plant Parts) Used as Plant Extracts In 
the Hydrllla Assay 

Common Name Scientific: Name Plant Part 

A Pondweed Po/amogaton nodosus Poir. 1 

B Fanwort Cabomba carolin/ana Gray ..... ar. 1 

C Common water nymph Najas guada/upens/s (Spreng.) 1 

o Eelgrass Vall/snar/a americana Michx. 1 

E American lotus Nelumbo lutea (Willd.) Pers. roots 

F American lotus Nelumbo lurea (Willd.) Pars. stams llo lea.....es 

G Duck-potato Sagittaria lanclfoJia L. stems & lea..... es 

H Coon tail Cerstophyllum damersum L. 1 

I Eurasian watermilfoil Myriophyllum spicatum 1 

J Fragranl water-lily Nymphasa odora/a Ailon stems & leaves 

K Duck-potato Sag/ttar/a lancifoJia L. roots 

L Pickerelweed Ponlederia lanceo/ata Nutt. stems & leaves 

1 Entire plant used as the extract 

Plant collectlon 

Aquatic plants were field collected from 
Caddo Lake, Louisiana, and J. D. Murphee 
Wildlife Refuge, Port Arthur, Texas, and 
transported back to Vicksburg, MS, in ice 
chests with sufficient ice to keep the plants 
from deteriorating. Entire plants were col
lected whenever possible. Plants were 
washed to remove dirt and debris, and al~ 

lowed to drip to remove excess water. 

Hydrilla stock cultures 

Axenic cultures were grown from hydrilla 
tubers and turions obtained from greenhouse 
grown plants. Tubers were thoroughly washed 
to remove mud and sand, and sterilized in 
50 percent bleach for 15 min. The tubers 
were then rinsed in deionized water and for 
10 min in 10 percent bleach. Cultures were 
grown in three 8-L-capacity nalgene cylin
ders in 6 L of artificial lake water (ALW) me
dium, a carbonate-buffered growth medium 

Jones &Kees 

derived from Gerloff medium (Smith and 
Jones 1988). The cylinders (each containing 
25 to 35 tubers) were aerated with compressed 
air. The plants were grown for approximately 

3 weeks, then clipped to 
11 cm from the apical tips 
and recultured. 

Extract preparation 

Two hundred grams of 
each of the test plants was 
cut into small pieces, 
placed in a Waring commer
cial blender to which 200 
ml of reverse osmosis water 
was added, and blended for 
5 min on low speed and for 
2 min on high speed. Each 
of the 200-g aliquots was re
frigerated for 24 to 72 hr to 
enhance extraction of the or
ganic compounds. The 
aliquots were centrifuged at 
10,000 rpm for 10 min in a 
refrigerated centrifuge 
(Beckman J2-21MIE), and 
then filtered through What

man no. 54,42, and GF/F filter papers, re
spectively. The filtrate was frozen until all 
plants to be tested were processed. 

Initial dry weights 

Mature Hydri/la verticillata grown from 
axenic cultures were cut to 2 cm from the 
apical tip. Ten explants were randomly se
lected for initial dry weight determination, 
placed in aluminum foil, and dried at 700 C 
for 1 week; the weights were then recorded. 

Aeration 

Into each test tube was inserted a no. 4 
rubber stopper (with two holes), into wltich 
two pieces of glass tubing were inserted for 
aeration. One piece of glass tubing extended 
from the bonom of the test tube to approxi
mately 1 in. above the stopper; the other 
piece tubing, approximately 2 in. long, ex
tended the same distance out of the stopper. 
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The long glass tubing had a piece of tygon 
tubing attached (l in. long), to which a hypo
dermic needle was attached. The long piece 
of flexible tubing was attached to each needle 
and then to a central compressed-air SOlice to 
provide aeration to all test tubes (Figure 1). 

Experiment 1. One 2-cm-Iong apical tip 
explant of HydrilIa verticillata (axenic cul
tures) was placed in each of the eighty 90-011
capacity test tubes with 50 ml of ALW 
medium (personal communication, Dr. Craig 
Smith). Experimental cultures were randomly 
selected to receive 10 ml of one of the test 
plant extracts (Table 1). Test tubes were nu
merically arranged in test tube racks with a 
vacant space on each side. Numbered aera
tion plugs were inserted in the test tubes, and 
compressed air was supplied to each tube. 
Five replicates of each test plant extract were 
used in this study, in addition to 10 controls, 
each of which contained an additional 10 ml 
of ALW media in lieu of test plant extracts. 

11JIII~""'''''''' ---.- .... ~ 

Figure 1. Experimental setup for hydrilla 
test lUbe growth bioassay 

Plants were grown for 14 days and then 
harvested. After the plant length and health 
status were recorded, the plants were placed in 
aluminum foil and dried at 70° C for 7 days. 
The plant weight was then recorded. 

Experiment 2. Experiment 1 was repeated, 
and the data were verified. 

Experiment 3. Experiment 3 involved 
the determination of the minimum critical 
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dosage of extract required to produce a signif
icant reduction in hydrilla biomass based on 
the results from Experiments 1 and 2. The 
first phase of Experiment 3 evaluated the ef
fects of the l-ml concentration of plant extracts 
on hydrilla biomass production. 

Data analysis 

The data were subjected to Analysis of Vari
ance and the Duncan's Multiple Range Test to 
determine if there were significant differences 
between the controls and test species. 

Results 

In Experiment 1 (Figure 2), all extracts 
were significantly different from the controls; 
however, Vallisneria americana and Najas 
guadalupensis appeared to increase hydrilla 
biomass. Potamogeton nodosus extract failed 
to significantly increase or decrease hydrilla 
biomass; Ceratophyllum demersum showed 
the greatest reduction of hydrilla biomass. 

The Experiment 2 results confirmed the 
results of Experiment 1; for the second time, 
Ceratophy/lum demersum produced the great
est reduction of hydrilla biomass. 

Experiment 3 (Figure 3) results showed 
that, again, Ceratophyllum extract had the 
greatest impact on hydrilla biomass reduc
tion, and Potamogeton produced comparable 
results. These two plant extracts were the 
only species that exhibited significant differ· 
ences in reduction of hydrilla biomass at the 
i-m1 concentration. 

Conclusions 

Based on these preliminary data, Cerato
phyllum is considered our best potential al
lelopathic candidate for hydrilla. However, 
several other species warrant additional atten
tion because they were borderline allelopathic 
during phases of our study. These species 
include Vallisneria americarw, Najas guada
lupensis, and Potamogeton nodosus, in addi
tion to Eleocharis coloradoensis (spikerush) 
because it has been found to be allelopathic 
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to several aquatic species. When grown in es
tablished stands of spikerush, hydrilla bio
mass production was decreased by 85 to 90 
percent when compared to hydrilla plants 
grown alone (S utton 1986b). 

Experiment 3 (at the I-ml concentration) 
will be repeated to verify the observed activ
ity of Potamogeton noted at this concentra
tion but not at the 10-ml concentration. 

Future Work Planned 

The next step in this research effort is to 
conduct test tube assays of all extracts at vari
ous concentrations with Myriophyllum 
spicatum as the target species. Rooted plant 
studies will be conducted using the extracts 
found to be most allelopathic in the test tube 
assays against hydrilla and waterrnilfoil. 
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Biological Control of Waterlettuce Using Insects: 
Past, Present, and Future 

by 

Michael J. Grodowilz 1 

Introduction 

Waterlettuce, Pistia stratiotes L., is a free
floating aquatic plant from the Araceae or 
Arum family (Figure 1). It is characterized by 
having a relatively short stem where the leaves 
attach in whorls. The plant has a distinctive 
light yellow-green to gray-green coloration. 
The leaves are covered with a fine pubescence 
and are typically enlarged basally by the fonna
tion of air-filled aerenchyma cells. This en
largement and the well-developed root 

The plant can be found in most slow
moving or stagnant water bodies, including 
canals, bayous, streams, ponds, and lakes. In 
the United States, waterlettuce usually forms 
dense floating mats where individual plants 
are highly intertwined, forming an 3lmOst 
impenetrable barrier. 

Waterlettuce is widely distributed in many 
tropical and semitropical regions of the 
world (Holm et al. 1977). These include por
tions of Africa, southern Asia, the southern 
United States, the southern portion of central 

./L.l11I }!",!/, t;,) I PJJorf.t1 

Figure 1. Waterletruce, Pfstia stratiotes L. 

system work together to maintain plant buoy
ancy. While the majority of reproduction 
occurs vegetatively, in which daughter plants 
are produced via stolons, sexual reproduction 
is now known to occur in the United States 
(Dray and Center 1989). The plant has one 
of the highest productivity rates, and minimal 
numbers of plants can quickly cover an entire 
water body. 

and South America, as well as the Caribbean. 

The plant's extreme cold intolerance ap
pears to severely limit its distribution in the 
more temperate regions. For example, in the 
United States, waterlettuce is limited to only 
the southern portions of Florida, Louisiana, 
and Texas (Figure 2). 

The high productivity of waterlettuce and 
its ability to form large impenetrable floating 
mats can cause many problems (Holm et al. 
1977). For example, navigation is severely 
curtailed on water bodies containing large in
festations of waterlettuce. This, in turn, can 
reduce recreational uses. Waterlettuce can 
block water intake valves from which indus
trial and local municipalities receive water 
supplies. 

In addition, water losses appear to be 
higher where waterlettuce infestations occur 
because of increased evaporation and transpi
ration through the leaf surfaces. Water
lettuce has also been shown to impact aquatic 
or semiaquatic agriculture, including rice 
(Bua-ngam and Mercado 1975). 

I US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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Figure 2. DistrlbutWn of waterlettuce in the United States 

Distinct changes in water quality have also 
been documented in areas beneath or near 
waterlettuce mats (Attionu 1976). These in
clude lowered pH and dissolved oxygen. 
Such changes in water quality have a signifi
cant impact on local fish populations. 

Another economically important problem 
caused by the presence of waterlettuce is the 
formation of ideal mosquito-breeding habitat 
(Holm et at. 1977). While other floating 
aquatic plants serve in this capacity, 
waterlettuce apparently attracts high numbers 
of species capable of disease transmission. 
For example, waterlettuce infestations harbor 
species of the genera Mansonia and Anopheles. 
Several species in these genera have been 
shown to transmit the causative agents for ma
laria, encephalomyelitis, and rural filariasis. 

Harborage is not the only manner in which 
waterlettuce increases population levels of 
mosquitoes. It also serves as a means for 
Mansonia sp. larvae to acquire oxygen from 
the root system. 

Because of the manifold problems associ
ated with waterlettuce infestations, researchers 
began during the 1970's to search for viable al
ternatives to more traditional methods for the 
control of waterlettuce. One alternative identi
fied was the use of insect biocontrol agents. 
The following is a short historical account of 
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the advances made to date in the 
use of insect biocontrol agents on 
waterlettuce in the United States, 
including a discussion of possible 
future directions. 

The Classical Biocontrol 
Approach 

A classical biological control 
approach has been followed for 
the management of waterlettuce 
using insect biological control 
agents (Figure 3). Such an ap
proach can be viewed as a pipe
line, with different sections of 
the pipe corresponding to various 
facets of the research that are in

volved in identifying, testing, and releasing 
exotic insect biocontrol agents. 

Classical bioeonn-ol typically ental Is using 
host-specific insect species from the original 
host range of the target plant. After suitable 
candidates are identified overseas, they are sub
jected to a series of rigorous host-specificity 
tests at both overseas and US quarantine 
facilities to ensure that they feed and reside 
only on the target plant species. After the 
host-specificity testing has been cOIr.p1eted, a 
petition is sent to the Technical Advisory 
Board requesting permission for release of 
the organism into the United States. After 
the preliminary field tests in the United 
States have been completed and the efficacy 
of the agents has been ascertained, the tech
nology involved in the agent's use is trans
ferred to appropriate action organizations. 

Coincidental to the overseas and quaran
tine testing, native or naturalized insects are 
identified, and their effects on the target 
plant are determined. Such information on 
already existing impacts to waterlenuce popu
lations is important because it allows re
searchers (1) to identify damage caused by 
native herbivorous insects, as opposed to that 
caused by the released exotic organisms, and 
(2) to adequately separate and quantify the 
impact caused by both native and exotic in
sect biocontrol agents. 
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AQUATIC PLANT BIOCONTROL "PIPELINE" 

OVERSEAS QUARANTINE TECHNOLOGY 
RESEARCH RELEASE ESTABLiSHMENT TRANSFERRESEARCH 

I~ 

Figure 3. Classical biological control "pipeline" approa(;h used by researchers of the Corps of Engineers 
and the USDA·ARSjor management of waterlettuce 

Another essential facet of the classical ap
proach is understanding the biology of both 
the insect biocontrol agents and their host 
plant, i.e., foundational research. Such studies 
strengthen and suppon the overall biocontrol 
program. Examples of foundational research 
include taxonomic studies of the exotic organ
isms, characterization of the mechanisms in
volved in host plant impact, and life history 
studies. 

These studies work together to strengthen 
and support the pipeline from one section to an
other. Such an overall approach to biocontrol 
of waterlettuce minimizes the risk of releasing 
nonspecific organisms, increases the chances 
of using highly effective insect agents, and 
allows for the ability to separate impact due 
to native insects from that caused by the 
introduced species. 

Native Insects 

As indicated previously, an important first 
step before releasing any exotic insect 
biocontrol agents is documenting the impacts 
of native or naturalized insect species on the 
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target plant species. Toward this goal, 
USDA-ARS researchers of the Aquatic Plant 
Research Laboratory in Fort Lauderdale, FL, 
initiated in 1986 a detailed survey to deter
mine numbers and kinds of insect species 
feeding on waterlettuce in the Florida area 
(Dray et al. 1988). 

Plants from 66 sites were examined for 
signs of insect feeding, and more than 47,000 
organisms were collected. The majority of or~ 

ganisms collected (>70 percent) were Hyallela 
azecta, an amphipod that apparently does little 
if any damage to waterlettuce. The next most 
abundant group contained species within the 
order Diplera, or flies. Within this order of 
insects, the families Chironomidae (midges) 
and Ceratopogonidae (no-see-em's) repre
sented >15 percent of the total collection. 

No evidence was collected to indicate 
that the species H. azecta has any impact on 
waterlettuce infestations. However, nine in· 
sect species were identified as being "impon
ant," i.e., causing some quantifiable degree 
of damage to waterlettuce (see following 
tabulation). 
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Lepidoptera 
(molhs and butterflies) 

Ssmss mulrip/icaJis 
Sync/ita oblilera/is 
SpiJosoma virglnlca 
Petroph/la drumalis 

Curoullonldae (weevils) 

Tanyspyrus Ismna9 
Slenopelmus rufinasus 

Homoptera 
(aphId. lind lellfhopper.) 

DraeculacBpha/a inser/pts 
Rhopalosiphum numphs888 
Pseudococcidae 

Two species 
were found to 
signi ficantly 
impact water
lettuce: the 
moths S. multi
plicaJis and S. ob
/ireralis. These 
species evidently 
can both feed 
and develop en
tirely on water· 
lettuce (Knopf 
and Habeck 
1976; DeLoach, 

DeLoach, and Corda 1979). Samea mulrj
plica/is has a small- to medium-sized late in
star larva that is fairly nondescript. It is pale 
yellow to creamy white in coloration and 
feeds by removing the epidennis and underly
ing tissues from the leaves between and 
along the prominent veins. Such feeding 
damage makes the leaves appear "shredded." 

Sync/ita oblireralis differs from Samea 
multiplicalis in that it typically resides within 
a "sandwich" of small leaf pieces that it cuts 
from leaf edges, The leaves of waterlettuce 
infested with S. obliteralis usually have 
large, roundish holes, due to the insect's spe
cific case-making and feeding behaviors. 

While large populations of S. multiplicalis 
and S. obliteralis have been documented with 
resulting high damage to the leaf surfaces, 
they typically have little if any actual impact 
to waterlettuce population levels. Little infor
mation is available on why they are unable to 
successfully impact total population levels. 

The remaining "important" species are 
most likely transient species that do not usu~ 

ally feed on waterlettuce. For example, the 
two weevil species (Tanyspyrus lemnae and 
Stenopelmus rufinasus) are known to feed 
and develop on Lemna minor and Salvinia 
sp., respectively.1 As these weevil species 
are most likely transient, the most likely reason 

for their appearance on waterlettuce is that both 
L. minor and Salvinia sp. are often found in 
association with waterlettuce. Both insect spe
cies have been observed to feed on waterlettuce, 
although the damage was relatively minor as 
compared with that of the moth species. 

The surveys also documented that large 
numbers of DraecuJacephala inscripta (leaf
hoppers) and Rhopalosiphum nymphaeae 
(aphids) are common, and individuals of the 
family Pseudococcidae (mealybugs) are some
times found. Only minimal feeding damage 
due to these species has been observed. These 
two insect species are of importance because 
they may be involved in plant disease trans
mission. Other closely related species have 
been implicated in disease transmission for 
various plant species (BoITor, DeLong, and 
Triplehorn 1981). 

Exotic Insect Species 

Neohydronomus affinls 

During the early 1970's, researchers in 
Argentina identified a potential candidate for 
the biological control of waterlettuce, the 
weevil Neohydronomus affinis Hustache 
(DeLoach, DeLoach, and Cordo 1976). After 
completing considerable work on the insect's 
basic biology and efficacy, these researchers 
concluded that it was ideal for use as a 
biocontrol agent. 

Adult N. affinis are small weevils (ca. 1.8 
rom in length) that make small roundish holes 
in the leaf surface during feeding (DeLoach, 
DeLoach, and Corda 1976). Large quantities 
of feeding give the leaves the appearance of 
being "peppered with buckshot." 

Large numbers of adults have been shown 
to cause plant death. The adults often enter 
these feeding scars and reside within the 
spongy internal cellular layer of the leaf. 
The adults deposit eggs in shallow feeding 

1 Personal Communication, 1990, C. O'Brien, Florida A&M University, Tallahassee. 
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scars just beneath the leaf surface. The emerg
ing larvae tunnel through the leaf, allowing for 
further plant deterioration. Larvae are seldom 
seen emerging from the internal cell layers. 
The larvae pupate within the internal cellular 
layers of the leaf. 

Researchers from the Commonwealth Scien
tific and Industrial Research Organization im
ported N. affinis into Australian quarantine in 
1981 (Harley et al. 1984) and made field re
leases the following year. Waterlettuce reduc
tions of 100,93, and 82 percent were achieved 
at three reservoirs in only 20 months. 

Using information on host specificity 
gained in Australia, N. affinis was brought into 
US quarantine in 1985. Building upon the host
specificity testing done by the Australians, US 
testing was finished relatively rapidly, and per
mission to field test N. ajfinis was subsequently 
obtained in 1987 (Habeck and Thompson, in 
preparation). 

The first release of N. affinis in the United 
States occurre'd at Kreamer Island on Lake 
Okeechobee (Palm Beach County), Florida, 
during April 1987 (Dray et al. 1990). Ap~ 

proximately 2,300 individuals were released 
during the period April 1987 to January 
1988, Additional releases followed, and to 
date, N. affinis has been released at more 
than 80 sites throughout Florida (Center and 
Dray, in preparation). 

Neohydronomus affinis population dynam
ics and changes in waterlettuce levels appear 
to be correlated. For example, at Kreamer 
Island, only minimal numbers of N. affinis oc
curred for the first 20 months after the initial 
release. During these 20 months, percent 
plant coverage typically remained at between 
60 and 90 percent. However, with subse
quent increases in N. a[finis population num
bers during January 1989 through May 1990, 
significant decreases in plant coverage re
sulted. Waterlettuce coverage remains below 
5 percent at this site (Dray et al. 1990).1 To 

date, waterlettuce has been eliminated from 
three of the four initial Florida release sites. 

Nsmsngana pectlnlcornis 

Namangana pectinicornis is another insect 
species with high potential as an effective 
biocontrol agent of waterlettuce. Beginning 
in 1963, several researchers identified N. pec
tinicornis as an ideal candidate for biocontrol 
of waterlettuce, based on its high degree of 
host specificity and damaging effects to water
lettuce (George 1963; Mangoendihardjo and 
Nasroh 1976; Alam, Alum, and Ahmed 1980). 

Namangana pectinicornis is a relatively 
large moth having a wing span ranging from 
16 to 20 em. It is mostly brown, with minimal 
markings. Larvae feed on the leaf tissues 
and have been shown to cause considerable 
damage. In addition, the pupa is located in 
the internal ponion of the leaf and, in the pro
cess of formation, also damages the plant 
(Habeck and Thompson, in preparation). 

In 1986, N. pectinicornis was introduced 
into US quarantine for further host-specificity 
testing (Habeck and Thompson, in prepara
tion). Namangana pectinicornis was subse
quently released from quarantine during 
October 1990. Currently, researchers at the 
USDA-ARS Aquatic Plant Management Re
search Laboratory in Fort Lauderdale, FL, 
are maintaining laboratory-reared colonies 
for eventual releases during 1991. 

Louisiana and Texas Surveys 

During the spring and summer of 1990, 
extensive surveys of waterlettuce were con
ducted throughout the plant's distribution in 
Louisiana and Texas. These surveys, which 
were similar to those conducted in Florida 
during 1986 (Dray et al. 1988), were for the 
primary purpose of determining what native 
herbivorous insect species were impacting 
waterlettuce populations. The surveys were 

1	 Personal Communication, 1990, F. A. Dray, USDA-ARS, Aquatic Plant Management Laboratory, 
Port Lauderdale. FL. 
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considered an important step prior to the re~ 

lease of N. affinis in these areas. 

Seven of the nine "important" species 
found in Florida were collected from sites in 
Louisiana and Texas. The species that were 
not collected included Petrophila dnJmalis and 
specimens from the family Pseudococcidae 
(mealybugs). Additional collection efforts 
may reveal the presence of these species in 
the Louisiana and Texas areas. 

Surprisingly. N. ajfinis was collected in 
relatively high densities (70 individuals/m2) 
from several sites in southeastern Louisiana 
(Figure 4). This was not expected since N. 
affinis was never officially released in this 
area, and limited collecting efforts by other 
researchers in the past did not reveal the pres
ence of N. affinis in this area 

The survey sites where N. ajfinis was col
lected occurred within an approximate 50-mile 
diameter from Lake Verret to east and south 
of Lake Beouf. No N. affinis was collected 
from any sites west of the Atchafalaya Basin. 
The relatively high densities of N. affinis in
dicate that the population may have been 
present in this area for at least 1 to 2 years, 
based on infonnation on population dynamics 
after initial releases observed at Australia 
and Florida sites. 1 

Reasons for the presence of N. ajfinis in 
these areas are only speculative. Possible ex
planations include the following: (1) N. ajfinis 
populations were already established in Louisi
ana prior to the Florida releases, (2) N. ajfinis 
migrated from Florida sites naturally, or (3) in
fested plants from Australia or some other 
country were distributed into this area. 

Little credence can be given to these expla
nations, however. For example, past collec
tions by researchers during the early 1960's 
in the west Louisiana and east Texas area did 
not reveal the presence of N. ajfinis. Hence, 
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it is difficult to believe it was present in the 
United States prior to its release in Florida. 

While N. ciffinis can disperse relatively rap
idly from original release sites, the large dis
tances covered (i.e., from Florida to Louisiana) 
in such short time periods are unrealistic, espe~ 

cially considering the lack of substantial water
lettuce populations in the panhandle of Florida 
and the extreme southern portions of Alabama 
and Mississippi to aid in their distribution. 

Similarly, the odds of infested plants 
reaching Louisiana intact from Australia or 
South America is low. 

The most plausible explanation is that 
plants infested with N. affinis from Florida re
lease sites were accidentally distributed into 
this area. However, even this explanation 
has limited grounds for complete acceptance. 
For example, the number of release sites with 
significant population densities of N. ajfinis 
was still low at Florida sites during 1988 and 
1989 (Dray et al. 1990). Infested plants would 
have had to been transported into Louisiana 
during this period for insect densities to reach 
such high levels by the summer of 1990. Hence, 
the odds of removing infested plants from flor
ida with sufficient densities at that time would 
be low. Reasons for the presence of N. a/
finis in Louisiana are still being considered. 

Future Directions 

Overall, the future looks promising with 
regard to the use of insect biocontrol agents 
for management of waterlettuce in the United 
States. With the relatively shoft effect time 
to control that has occurred for several F10rida 
sites, N. af!inis appears to be highly effective. 
In addition, with the release of N. pectini
cornis from quarantine, another agent will 
soon be in use, one that apparently attacks 
the plant from an altogether different vantage 
point than N. affinis. 

1	 Personal Communication, F. A. Dray. USDA-ARS, Aquatic Plant Management Laboratory, Fort 
Lauderdale, FL. 
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Figure 4. Survey sties In southeastern LQulsilJna at whid N. o,ffinls was collected during summer 1990 

More specifically, in the immediate future, 
efforts will continue to enlarge the distribu
tion of N. ajfinis in the US waterlettuce 
range. This will be accomplished by moving 
infested plants in the Florida and Louisiana 
areas to areas where N. affinis is not currently 
present. Laboratory-reared individuals will 
be used to supplement such range extensions 
whenever possible. 

Efforts will also continue to monitor N. 
affinis populations dynamics, and to correlate 
these with shifts in waterlettuce infestation 
levels. A new release of N. ajfinis is sched
uled for southeast Texas during the spring 

and summer of 1991, with subsequent moni
toring of the insect's effects. Whenever pos
sible, detailed quantification of insect and 
plant populations will be accomplished. 

In October 1991, N. pectinicornis was of
ficially released from US quarantine facili
ties. Efforts will be made to release this 
insect into south Florida sites no later than 
spring of 1991. Namangana pectinicornis is 
a relatively large moth capable of inflicting 
great damage on waterlettuce (Habeck and 
Thompson, in preparation). Greenhouse stud
ies have indicated that it is highly effective 
in producing damage. Future plans include 
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releasing N. pectinicornis at several south 
Florida sites with subsequent monitoring of 
population levels and efficacy. If this species 
proves effective at the initial release sites, 
larger scale range extensions will be attempted. 
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Movements and Habitat Utilization of Triploid Grass Carp
 
in Lake Marion, South Carolina 

by
 
Samuel}. Chappelear, 1 Jeffrey W. Foltz,l Keevin T. Chavis,l James P. Kirk,2 and K. Jack Killgore3
 

Introduction 

Lake Marion, South Carolina, is a 44,000
ha impoundment composed of open water as 
well as dense cypress swamps. Aquatic vege
tation has become a serious problem in upper 
Lake Marion north of the Interstate 95 bridge 
(Inabinette 1985). Upper Lake Marion's shal
lowness is conducive to aquatic plant growth. 
Many areas of the lake have limited access 
due to dense aquatic vegetation. This has 
hampered use of the lake by recreational 
hunters and anglers. Herbicides have been 
used extensively to control the vegetation 
problem, but a more feasible and long-term 
solution is needed. Mechanical removal and 
herbicide treatment can be costly and time 
consuming, and work only on a limited basis 
for a limited time. 

One possible solution is the release of trip
loid grass carp (Ctenopharyngodon ideJla). 
Grass carp have been effective in eliminating 
Hydrilla verticillata in several large lakes in 
Florida (Beach et a1. 1976; Miley, Leslie, and 
VanDyke 1979). Advantages of biological 
control, such as the use of triploid grass carp, 
include longevity of the method, constant fish
feeding activity against growing vegetation, 
low long-term cost, and high effectiveness on 
selected plants (Sutton and Vandiver 1986). 

Between 1989 and 1991, 300,000 triploid 
grass carp have been or will be released at 
various locations in upper Lake Marion to 
control nutsance aquatic vegetation (South 
Carolina Aquatic Plant Management Council 

and South Carolina Water Resources Com
mission 1990). 

Water temperature is known to cause migra
tional movement in grass carp once water 
reaches 15° to 17° C (Aliev 1976). A rise in 
water level or increased flow rates has also 
caused grass carp to exhibit migrational move
ment (S tarrley, Miley, and Sutton 1978). If trip
loid grass carp were to migrate up the rivers 
and away from aquatic plant-infested areas, 
they would be ineffective for weed control. 

Objectives of this study were to (1) deter
mine the magnitude and direction of grass 
carp movements, (2) determine if grass carp 
remain in the targeted vegetation areas, and 
(3) examine characteristics of habitats used 
by triploid grass carp. 

Study Site 

Lake Marion was formed by impoundment 
of the Santee River and has an average depth 
of 5 m and a maximum depth of 12 m. Im
mediately upstream of Lake Marion, the San
tee River is formed by the confluence of the 
Wateree and Congaree Rivers. The Wateree 
River originates at the Wateree Dam about 
100 Jan upstream from Lake Marion. The 
Congaree River originates at the Saluda Dam 
on Lake Murray and flows 85 km before join
ing the Wateree. 

Average discharge of the Wateree and Con
garee Rivers is 183 and 266 m3/sec, respec
tively. When Lake Marion was constructed in 

South Carolina Agricultural Experiment Station, Clemson Uni versity, Department of Aquaculture, 
Ffsheries and Wildlife, Clemson, SC. 

2 South Carolina Wildlife and Marine Resources Department, Columbia, SC. 
3 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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1941, it impounded 6,500 ha in its headwater 
section, which was known as the Santee 
Swamp. The swamp is anaerobic most of the 
year and hence influences water quality in 
upper Lake Marion (Bates and Marcus 1989). 

Vegetated areas of the lake targeted for con
trol have an estimated 4,800 ha of submersed 
vegetation, mostly upstream from the Interstate 
95 bridge. Habitats in upper Lake Marion 
were categorized as follows: (1) river channel 
eRC) (Santee, Congaree, or Wateree River), 
2 to 8 m deep; (2) open water with creek chan
nels running through (OWCC), 1 to 2 m deep; 
(3) open water with shallow flats (OWSF), 
1 to 2 m deep; (4) thick cypress swamp (TCS), 
2 to 3 m deep; and (5) open water with scat
tered cypress stands (OWCS), 2 to 3 m deep. 

All habitat types except the Santee River 
channel support dense stands of nuisance 
aquatic vegetation. No assessment of the pro
portion of upper Lake Marion that each habi
tat type comprises has been made. Likewise, 
no assessment of the magnimde of the 
swamp's influence on downstream water qual
ity has been made, although fIsh kills due to an
aerobic conditions are a common summer 
phenomenon in upper Lake Marion's swamps. 

Methods 

Forty-five triploid grass carp were surgi
cally implanted with radio transmitters. The 
life span of the transmitters was 9 months, 
and transmitter frequencies ranged from 
48.036 to 49.527 kHz. Each fish was identi
fied by a distinct frequency. Fish were anes
thetized using a bath containing 100 mg/L 
MS-222 and 25 mg/L Furacin. Each fish was 
weighed to the nearest 0.01 kg and measured 
to the nearest millimeter. 

Anesthetized fish were placed in a 
V-shaped operating trough, so that the fish 
excluding its abdomen was submersed in 
water containing MS-222 and Furacin. A 
small aquarium aerator was used to maintain 
adequate oxygen levels in the operating trough. 
A radio transmitter was then surgically im
planted using the procedure described by 

Chappelear el 81. 

Schramm and Black (1984). Surgical gloves 
were worn, and instruments and transmitters 
were disinfected prior to use. 

Scales were removed from the incision 
area, and a 5~cm longitudinal incision was 
made in the ventral wall, 6 em anterior to the 
pelvic girdle. A transmitter was then in
serted into the body cavity, and the incision 
was closed with nonabsorbable silk sutures. 
Oxytetracycline (50 mglkg body weight) was 
injected into the body cavity before the last 
suture was stitched. Fish were then im
mediately released into the lake. Approxi
mately equal numbers of fish were released 
at Pack's Landing, Elliott's Landing, and San
tee State Park (Figure 1). 

An Advanced Telemetry Systems (model 
20(0) radio receiver was used. Aerial searches 
were conducted twice a month to determine the 
general localities of fish. A trucker Whip an
tenna was mounted on the strut of the plane 
during aerial searches. Boat searches for im
planted grass carp were conducted 2 to 3 days 
per week for 48 months. 

Signals were received while boating with 
a Telex Communications (model 64 B-S) 
four-element yagi antenna. Once a signal 
was picked up by the receiver, the antenna 
was rotated to ascertain direction, and the 
boat was motored in that direction. Signal 
strength increased as the fish was approached. 
The coax cable was then disconnected from 
the antenna and dropped in the water beside 
the boat. Intensity of the signal indicated 
when the boat was within 25 m of the fish. 

Once a fish was located, the date, water 
depth, and Loran latitude and longitude coor
dinates were recorded. Water temperature 
(to the nearest 0.1 0 C) and dissolved oxygen 
(to the nearest 0.1 mgJL) were measured at 
the surface and on the bottom with a YSI dis
solved oxygen (DO) meter (model SIB). 
Mean DO was calculated from the surface 
and bottom value. 

An aquatic vegetation sample was taken 
from the surface and bottom with a rake. 
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0.01 km) between readings were 
computed for each fish. Mini
mum net daily movement was 
then computed as net kilometers 
per elapsed days. Linear and 
nonlinear regressions were emI I I 

o 2 4 ployed to describe seasonal Scale (mAleS) 
changes in minimum net daily 

• Grass Carp Release SItes movement. 

Figure 1. Average location ojradio-tagged 
adulr triploid grass carp by f7Wnth 
in upper Lake Marion, 1989-1990 

Aquatic vegetation was identified (Pennwalt 
Corporation 1984) in the field. The species 
that comprised the largest proportion of a sam
ple was categorized as primary vegetation, and 
the species that comprised the next largest pro
portion was categorized as secondary. 

Vegetation density in the vicinity of the fish 
location was characterized by one of four cate
gories: (1) vegetation covers 50 percent of the 
surface, (2) vegetation covers 2 percent of the 
surface, (3) vegetation is present but submersed, 
or (4) vegetation is sparse. Habitat types were 
categorized as described above (see heading 
Study Site). 

Fish locations were plotted on a digitized 
map that indicated the Santee River channeL 
Days elapsed and distance moved (to nearest 

The distance from the river 
channel to the fish and the width 

I~ of the reservoir were also com
puted along a line perpendicular 
to the fish and the river channel. 
Distances were recorded to the 
nearest 0.01 km. Distance of 
grass carp from the river channel 
was tested with a Hest (null hy
pothesis that the distance equals 
zero). Mean latitude and longi
tude were computed by month. 

Results 

Triploid grass carp used in 
this study averaged 626 mm total 
length (5E = 11) at the time of 
release. Of the 51 fish released, 
47 were located at least once; the 
average elapsed time between 
locations was 10 days. The fish 

exhibited a general downlake movement 
from January through October (Figure 1). 
Grass carp in this study did not demonstrate 
a preference for the river channel in Lake 
Marion (Figure 2). 

Mean distance of grass carp from the river 
channel was 1.75 km (SE + 0.08). This mean 
distance was significantly different from zero 
(t = 22.84, P = 0.0001). Mean lake width 
along transects drawn perpendicular to the 
river channel through each fish location was 
5.05 km (SE =0.06). 

Dissolved oxygen levels at fish locations 
decreased during winter, spring, and summer 
before increasing in the early fall (Figure 2). 
The aberration in the curve in Figure 2 was due 
to extremely low DO levels, which resulted in 
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FEB 

Figure 2. UJcatUJns oj radio-tagged adult triploid grass 
carp in upper Lake MarUm, 1989-1990. Each dot repre

sents one or fn()re indlvidualfish rocations 

widespread fish kills in upper Lake Marion 
on 9 May, 3 June, 15 June, and 22 June 1989. 
Mean DO concentrations at grass carp loca
tions for the months of June and July 1989 
were 3.5 (SE =0.4) and 4.0 (SE =0.2) mgIL, 
respectively, compared to 8.1 mg/L in March 
and 5.5 mg/L in October. 

Fish movement rates appeared to be asso
ciated with both water temperature and dis
solved oxygen. Movement increased from 
0.22 km/day in March to 0.65 km/day in June, 
then steadily declined to only 0.01 km/day in 
October (Figure 3). 

Water temperatures remained high dur
ing August and early September when fish 
movements were declining. In contrast, DO 

Chappelear at al. 

concentrations steadily declined during 
summer (Figure 4). The longest distance 
moved in 1 day by a fish was 3.56 km, 
while the overall average was 0.29 km/day 
(SE = 0.04, F month = 3.06, P :5: 0.003). 

No studies to date have quantified the 
different proportions of habitat and aquatic 
vegetation types in upper Lake Marion. 
Over the course of the study, 36 percent of 
fish locations were habitats composed of 
open water with scattered cypress trees and 
depths of 2 to 3 m (Figure 5). Creek chan
nels did not run through these locations. 
For 30 percent of the time, grass carp loca
tions were in shallow flats 1 to 2 m deep. 
Fish were located in thick cypress swamps 
or open-water areas with creek channels 
19 and 15 percent of the time, respectively. 

Fish were congregated in either open
water shallow flats or thick cypress swamps 
during the months February through April 
(Table 1). Numbers of fish in the cypress 
swamps decreased during May, and the 
number of fish in open-water cypress stands 
increased. No fish were located in the cy
press swamp by June, and few fish were 
located in the open-water creek channel hab
itats. Most were either in the open-water 
shallow flats or open-water cypress stands. 
Fish remained in the open-water creek chan* 
nel or the open-water cypress stands exclu
sively during July through October. 

Almost 72 percent of recorded grass carp 
locations were in areas with aquatic vegeta
tion at the water's surface. More specific
ally, 18 percent of the locations were areas 
with vegetation that covered ~50 percent of 
the surface and 54 percent in areas with vege
tation that covered <50 percent of the surface 
(Figure 6). Areas with submersed vegetation 
accounted for 25 percent of fish locations, 
and only 3 percent of the locations were 
areas with sparse aquatic vegetation. 

On a seasonal basis, grass carp locations 
demonstrated a trend opposite that of the pro
gressive increase in aquatic plant biomass. 
Whereas the summer is characterized by 
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Figure 7. Aquatk vegetation densities during the spring (0) and summer (b) at locations used by radliJ-tagged 
adult triploid grass carp in upper lAke Marion, 1989-1990 

Chara 

Figure 8. Predominant aqlUltic vegetation aJ 
locations used by radio-tagged adult triploid 
grass carp in upper Lake Marlon, 1989-1990 

Therefore, grass carp may consume less 
aquatic vegetation and reduce their daily 
movements at low oxygen levels. 

Water temperatures could influence grass 
carp, movement in two ways: by inducing 
spawning behavior and by an increased meta
bolic rate and food consumption rate at 

WES MP A-91-3, June 1991 

warmer water temperatures. Opuszynski 
(1972) detennined that daily food consump
tion was 50 percent of body weight until 
water temperature reached 20° C; then, daily 
consumption increased to 100 to 120 percent 
body weight at 22° C. Lower water tempera
tures were reported to decrease rapidity of 
movement, whereas warmer water tempera
tures caused increased rapidity in grass carp 
movement (Nixon and Miller 1978). 

In the present study, grass carp daily 
movement increased dramatically as water 
temperatures reached 15° to 17° C, the tem
perature range that reponedly initiates mass 
movements to spawning areas (Aliev 1976, 
Nezdolii and Mitrofanov 1975). However, 
the direction of grass carp movement was 
exactly opposite the upstream direction. This 
downlake movement was probably in re
sponse to declining DO concentrations in the 
upper lake. 

Magnitude of movement was comparable 
to that reponed for adult fish by Bain et a1. 
(1990). They reponed that adult fish move
ment averaged 33 km over a 4-month period 
(i.e., about 0.27 km/day) and that one fish 
traveled 6 kmJday. It is difficult to make di
rect comparisons between studies without 
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knowledge of the frequency of observation. 
For example, a fish could travel 1 km each day 
for 10 successive days, but if it finished at its 
origin and had not been observed for 10 days, 
net daily movement would compute as zero. 

Redistribution of grass carp from open
water shallow flats and thick cypress swamps 
to open-water creek channel and open-water 
cypress stands, both of which are downlake 
areas, was probably due to low DO in the 
upper lake during the sununer. Shallow flats 
where aquatic vegetation covers more than 50 
percent of the surface are also characterized by 
low summer DO concentrations (Bates and 
Marcus 1989). Utilization of slightly deeper 
and slightly less vegetated areas probably pro
vides grass carp with a suitable combination of 
food density and DO concentrations. 

Locations predominated by Hydrilla con
stituted the majority of grass carp locations. 
Hydrilla is an excellent food for grass carp 
due to the soft nature of the plant and its high 
ash content (Tan 1970, Rottman 1977). Grass 
carp used in this study were large (626 mm 
total length) and, according to Sutton and 
Vandiver (1986), Hydrilla would be their 
preferred food. No data exist concerning the 
percentage of Lake Marion's total nuisance 
aquatic plants that the individual species com
prise. Thus, no preferences for Hydrilla can 
be inferred in the present study. However, 
triploid grass carp remained in the upper part 
of Lake Marion, and these fish did not leave 
areas targeted for aquatic vegetation control. 
No long-distance migrations were observed, 
and fish showed no affinity for the Santee 
River channel. 

Dissolved oxygen and temperature levels ap
peared to play an important part in the location 
and movement of fish. Telemetry data are 
needed during the fall-winter-spring transition. 
In addition, data on water quality and aquatic 
vegetation distribution for upper Lake Marion 
are needed to interpret movements relative to 
available habitat. 

Chappelear et al. 
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Progress During 1990 in the Search for Biological Control 
Agents in Temperate Asia 

by
 
Joseph K. Balciunas1
 

Introduction 

Eurasian watennilfoil (Myriophyllum 
spicatum), hereafter referred to as milioil, is 
a serious aquatic weed in many parts of conti
nental United States. Effective insect biologi
cal control agents are not presently available 
to control this weed. 

Another submersed aquatic, hydrilla 
(Hydrilla verticil/ata), is the most imponant 
aquatic weed throughout the southern United 
States, and unfortunately, its range is still ex
panding northward, especially along the 
eastern seaboard. Insects from Australia and 
India show promise for controlling hydrilla in 
its southern range. However, additional in
sects are likely to be required to control 
hydrilla in its new, more northerly infestations. 

The US Army Corps of Engineers has 
agreed to financially assist a USDA Agricul
tural Research Service CARS) effort to locate 
and test insects in temperate Asia as possible 
control agents for milfoi! and hydrilla. This 
research is presently based in the recently es
tablished Sino-American Biological Control 
Laboratory (SABCL) in Beijing. The SABCL 
is a cooperative effort between ARS and the 
Chinese Academy of Agricultural Sciences 
(CAAC). The facilities of SABCL are housed 
in a portion of the bottom floor of the four
story Biological Control Institute building at 
CAAC's campus in the western suburbs of 
Beijing. 

In September 1989, a few months after the 
quelling of the Tiananmen Square uprising, I 
made the first project visit, lasting 5 weeks, 
to China.2 This initial visit familiarized me 
with the facilities, personnel, and capabilities 
of SABCL, as well as the availability of col
lecting areas in the vicinity of Beijing. Ex
amination of specimens of milfoil and 
hydrilla at the National Herbarium at Acade
mia Sinicae and at provincial herbaria gave 
me a much better grasp of the distribution 
and phenology of these weeds in China. 

Extensive field trips to various sites in 
Sichuan and Hunan provinces demonstrated 
the presence of a diverse array of insects that 
might be useful as control agents for hydrilla. 
The field trips also provided an opportunity 
to meet scientists who might assist us in 
maintaining a "remote" lab/collection facility 
at these provincial sites. 

The promising agents found in these prov
inces and in Beijing included an aquatic wee
vil, two species of aquatic moths, two species 
of Hydrellia flies, tip-damaging Chirono
midae midge larvae, and some caddisfly lar
vae. Thus, this initia11989 survey, although 
extremely limited, showed great potential for 
continued research in China. 

Purpose 

The goals for the 1990 research in China 
were greatly expanded by the addition of 

1	 US Department of Agriculture, Agricultural Research Service, Australian Biological Control 
Laboratory, Townsville, Australia. 

2	 J. K. Balciunas. 1990. Biocontrol agents from temperale areas of Asia. Pages 25-33 in Proceedings, 
24th Annual Meeting, Aquatic Plant Control Research Program. Miscellaneous Paper A-90-3. US 
Army Engineer Waterways Experiment Stalion, Vicksburg, MS. 
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Dr. Gary R. Buckingham to the project as a 
co-investigator and as a result of his will
ingness to assist in the fieldwork in China. 

During 1990, our plans were to (1) pro
vide training in Gainesville, FL, for our Chi
nese collaborators, (2) continue this training 
of our assistants during our visits to Beijing, 
(3) provide a "short-course" training in Beij
ing for the collaborating scientists from the 
remote provinces, and (4) visit the field sites 
in the vicinity of Beijing (many sites had 
been added since the 1989 visit). 

Then, I would search for hydrilla and mil
foil insects in the northeast province of 
Liaoning, and for milfoil insects in Inner 
Mongolia. Dr. Buckingham would return to 
the more promising sites in Liaoning and 
Inner Mongolia for additional collecting. I 
would review the progress at the "remote 
laboratory" in Hunan Province, established 
after my 1989 visit. Then, I would search for 
natural enemies of hydrilla in Guangdong 
Province, and Dr. Buckingham would search 
for hydrilla insects in Jiangsu Province. 

After all the above had been accomplished, 
both of us would meet in China to review 
progress and plan the research for 1991. 

Progress Report 

In February 1990, Dr. Wang Ren, Director 
of the SABCL, and Mr. Wang Yuan, the as
sistant for our aquatic weed project at the 
SABCL, arrived in Gainesville. Dr. Bucking
ham had arranged for them to receive train
ing at the ARS Quarantine Lab in the 
identification, collection, and propagation of 
aquatic plants. He also provided training, in
cluding short-courses by taxonomic experts, 
in the collection, identification, and rearing 
of aquatic herbivorous insects. Staff from 
the ARS Lab in Fort Lauderdale, and from 
the Waterways Experiment Station biocon
trol group, also availed themselves of the 
opportunity for training at these taxonomic 
short-courses. 

Biological Control 

Dr. Ren and Mr. Yuan also received several 
days of training at the ARS Fort Lauderdale 
lab in field release, establishment, and monitor
ing techniques. Dr. Ren returned to Beijing 
after 5 weeks, while Mr. Yuan continued his 
training until the end of May. 

I arrived in Beijing, from Australia via 
Hong Kong, on 7 July 1990. My first few 
weeks in China were spent collecting in the 
nonhern provinces of Liaoning and Inner 
Mongolia. Mr. Yuan accompanied me to 
Shenyang, the capital of Liaoning Province 
and China's fourth largest city, from where 
we conducted our field investigations. Dur
ing this time in Shenyang (9-15 July), we 
were assisted and escorted by Associate Pro
fessor Guan Guang-Qing, a botanist from 
Shenyang Agricultural Universiry, which 
served as our base. Although Professor Guan 
did not speak English, he knew the names, 
frequently even the Latin names, of the doz
ens of aquatic plants we saw. He was 
friendly, enthusiastic, and helpful. We be
lieve he will make a good collaborator for 
our Shenyang remote site, especially after he 
receives training in Beijing. 

Hydrilla was present at most of the 
aquatic sites we visited, and was sometimes 
very abundant. The profusion of hydrilla in 
such a cold location (where water bodies 
freeze over by the end of November) indi
cates that hydrilla will most likely continue 
to spread northward in the United States. At 
one small pond our hydrilla sample yielded a 
dozen adult weevils, but they did not appear 
to be members of the genus Bagous (they are 
probably Tanysphyrus). 

Blacklighting at this site the next evening 
produced an additional half dozen of these wee
vils. These Tansphyrus weevils refused to 
feed on any ofthe hydrilla ponions we pro
vided them, so we carried them back to Beijing 
for further testing. According to Professor 
Guan, M. spicatum is present in the vicinity of 
Shenyang, but we did not find any during this 
visit, although we did collect M. verticillatum. 
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After returning to Beijing and dropping 
off our samples, I flew to Hohhot, the capital 
of Inner Mongolia, with Dr. Ren. Assistant 
Professor Cao Rui, a botanist from Inner 
Mongolia University (and a personal friend 
of Dr. Ren), served as our guide during the 
6 days (17-22 July) that we spent in Hobhor. 
Inner Mongolia lies on a high plateau, 1,000 m 
above sea level, and has an arid (less than 
150 mm rain annually) and cold climare. The 
few permanent bodies of water there freeze 
before the end of October, but they frequently 
contain milfoi!. 

We collected at Ha Su Lake, a large reser
voir approximately 50 km west of Hohhot; at 
Dai Lake, a very large natural lake 100 km 
southeast; and at Ba Bai Lake, a small reser
voir on the southern fringe of Hohhot. We 
found a weevil, probably Phytobius sp. (pre
viously, some species in this genus were 
called Litodacrylus) attacking the milfoil. 
Adults of this weevil were especially com
mon at Ba Bai Lake, where on our second 
visit Dr. Ren and I collected almost 50 indi
viduals found on the surface of the water or 
crawling on the milfoil just beneath the 
water's surface. Unfortunately, our black
light broke, and we could not collect these 
weevils by this usually productive method. 

We returned to Beijing, not only with the 
live Phytobius we had collected, but also 
with bags of milioil from each of the Inner 
Mongolia sites. These samples were pro
cessed in Berlese funnels at SABeL, and pro
duced more adult weevils and more than 
100 Phytobius larvae. Our hand-searches 
and sun-dry samples had yielded only 
five larvae in Hohhot. This was not surpris
ing, since while these larvae will feed exter
nally on milfoilleaves, they seem to prefer to 
burrow within milfail stems. 

During my week in Beijing (22-28 July), I 
continued the training of our project assistant, 
Mr. Yuan, which I had begun during my 1989 
visit and Dr. Buckingham had continued in 
Gainesville. Another assistant, Mrs. Jiang 
Hua, had joined our project within the last 

few months. Mrs. Hua works for another 
institute in Beijing (the Institute for Plant 
Protection, Beijing Academy of Agricultural 
and Forestry Science) but has volunteered 
(and has been approved) to work on our bio
control of aquatic weeds project. She is very 
cheerful, enthusiastic, and industrious, and 
also has a reasonable grasp of spoken English. 
Her addition to the project has greatly firmed 
the quality of research conducted at SABCL, 
especially during the absence of US scientists. 

Before departing Beijing, for the benefit 
of Mr. Yuan, Mrs. Hua, and the collaborating 
scientists from the provinces, who would be 
receiving instruction in August in Beijing 
from Dr. Buckingham, I prepared six pages 
of written guidelines. These included tech
niques for collecting plants and herbivores, 
the procedures for rearing and preserving 
them, basic host-testing procedures, and 
(most importantly) the data that must be kept 
to accompany the above. 

With Mrs. Hua's assistance, Mr. Yuan is 
now carrying out regular surveys of the hy
drilla and milioU sites near Beijing. Due to the 
upcoming Asian Games to be held in Beijing 
in September, the aquatic plants from most of 
the canals and ditches within the city had been 
manually removed. These operations included 
several of our more important canal sites. 
However, Mr. Yuan and Mrs. Hua located 
additional sites, mostly on the outskirts of 
Beijing. I managed to visit most of these 
sites-Chao Bai Jian River at Tong Xian, 
San Jia Dian Reservoir, Qiao Village Pond
and to revisit two sites from last year (Summer 
Palace Lake and August First Lake). Most of 
these Beijing sites contain hydrilla, but over 
half also have milfoil. 

While processing our milfoil collection 
from August First Lake, we found Phytobius 
weevils, apparently the same species as we 
had collected in Inner Mongolia the previous 
weekI On hydrilIa, the leaf-mining Hydrellia 
spp. found last year had not yet reappeared, 
but a few of the stem-boring midges were al
ready present. 
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After leaving extensive instructions with 
Mr. Yuan and Mrs. Hua on sampling strategy 
and procedures for keeping the Phytobius wee
vils and other insects alive until Dr. Bucking
ham arrives in late August, Dr. Reo and I flew 
to Huanan in central China. 

The purpose of our I-week (28 July
3 August) visit was to review the progress 
made by our remote site collaborator, Associ
ate Professor Li Hongke, from the Hunan 
Academy of Agriculture in Changsha, the 
capital of Hunan Province. During my visit 
to Dong Ting Lake in Hunan Province in 1989, 
I had collected one specimen each of two spe
cies of Bagous weevils that fed on hydrilla. 
Professor Hongke had agreed to follow up on 
these promising results. 

The next morning we departed Changsha 
for Yue Yang, located on the southeastern 
shore of Dong Ting Lake. Because of the old 
vehicle and the poor road, the 150-km trip re
quired over 6 hoursl We met with Dong Ting 
Lake Management Bureau (DTLMB) person~ 

nel that evening; the next morning we drove 
nonh to Lin Xiang County, which borders 
Hubei Province. There, at Chang An River 
Canal, we were finally able to collect a deeply 
submersed sample of hydrilla. The only her
bivores we found in hand-searching this sam
ple were a Parapoynx pupa and some caddisfly 
larvae. Previously, Professor Hongke's stu
dent assistant had collected some chrysomelid
like beetles on the hydrilla at that site. 

The next day we drove to Lao Gang, where 
one of DTLMB's reed fanus is located. The 
Director of Lao Gang Reed Farm, Mr. Yan 
Jianyong, had collected 10 weevils from 
hydrilla in two small ponds near the reed farm. 
One of these, Zhang's Pond, was the site where 
I had found the two Bagous weevils last year. 
We collected and processed hydrilla samples 
from both ponds. Two weevils were found, 
but they defmitely were not a Bagous sp. 
(probably were Notaris sp.). 

Later, I set these weevils up in my hotel 
room with a variety of aquatic plants. They 
ignored hydrilla but fed readily on water 
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chestnut, Trapa sp. Mr. Jianyong returned 
with us to DTLMB's main office in Yue Yang, 
where he showed us the weevil specimens he 
had previously collected. Most were Notaris, 
but one, reared from a larvae burrowing in 
hydrilla, was a Bagous. 

The next day we made the long trip back to 
Changsha, where Professor Hongke showed us 
four sites at which he had collected hydrilla 
herbivores. Only one of these now had 
hydrilla, which we collected and processed; 
however, we recovered no herbivores. The 
following morning, we went to Professor 
Hongke 's laboratory to examine the various 
aquatic weed herbivores he and his assistant 
had collected. The chrysomelid beetles they 
had been trying to rear in a hydrilla-filled jar 
could not be found. Also, all the insect speci
mens from the various sites and hosts had 
been preserved in the same bottle of fonnalin. 

I spent several hours explaining, with 
Dr. Ren translating, how to preserve and label 
insects, and the strategy and techniques to be 
used in collecting and testing aquatic herbi
vores. We now feel that Professor Hongke 
understands what must be done, and we are op
timistic that next year's collecting at our 
Hunan "remote site" will be more productive. 

On the weekend of 3 August, Dr. Ren and 
I flew to Guangzhou, the capital of the south~ 

ern province of Guangdong. Guangzhou, for
merly known as Canton, has recently been 
permitted special capitalistic freedoms by 
China's central communist government in 
order to auract capital investment from 
nearby Hong Kong. As a result, the city is 
becoming a "young" Hong Kong. Unlike 
most of China's cities and towns, which tend 
to be gray, drab, and dull, Guangzhou is ac
tive and bustling. New skyscrapers are going 
up, and motorcycles (and even private cars) 
are common. 

We spent several days, assisted by staff 
from the Guangdong Academy of Agricultural 
Sciences, looking for hydrilla and its herbi
vores. While I had seen numerous herbarium 
specimens of hydrilla from Guangdong, we 
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were unable to find any that weekend. Appar
ently, the demand for seafood in Hong Kong 
has resulted in most land and canals being 
converted into aquaculture. These intensively 
managed aquatic systems do not support 
hydrilla. On 6 August, I left Guangzhou, via 
hydrofoil ferry to Hong Kong, to return to 
Australia 

Dr. Buckingham arrived in Beijing on 
28 August. He monitored the progress made 
by our Chinese assistants in maintaining the 
insects I had left to be reared at SABCL, and 
visited the sites in and around Beijing until 
10 September, when he and Mr. Yuan flew to 
Shenyang. While there, they collected with 
Professor Guan, and this time were also able 
to collect from M. spicatum. While in 
Shenyang, they determined that the Tanys
phyrus weevil, which I had collected there 
earlier, fed on Monochoria sp. and not on 
hydrilla. 

On 15 September, Dr. Buckingham flew 
to Hohhat and joined with Dr. Ren. Accom
panied by Assistant Professor Rui and Mr. Li 
Yao from Inner Mongolia University, he re
visited all three of my collection sites there. 
The weevil Phytobius was still anacking mil
foil at all three sites, but no additional herbi
vores were found. 

Back at the SABCL, from 20 to 22 Septem
ber, Dr. Buckingham presented a short-course 
on collection, identification, and rearing of 
aquatic herbivores. Professor Guan, Assis· 
tant Professor Cao Rui, Mr. Yao, Mr. Yuan, 
and Mrs. Hua attended. On 23 September, 
Drs. Buckingham and Ren flew to Yangzhou, 

in Jiangsu Province. Accompanied by Pro
fessor Lin Gunlun and Professor Lu Ziqiang, 
Dean of Plant Protection, Jiangsu Agricul
tural College, they surveyed the local lakes. 
Hydrellia flies and tip-boring midges were 
common on the hydrilla there. On 26 Sep
tember, Dr. Buckingham flew to Guangzhou. 

At the end of September, I returned to 
Guangzhou from Ausualia, and met with 
Drs. Buckingham and Ren. We spent several 
days reviewing the accomplishments of 1990 
and planning the research for 1991. Dr. Buck~ 

ingham left to return to Florida on 29 Septem
ber, hand-carrying Hyd.,e/lia from Beijing 
and Yangzhou. Small colonies were success
fully established from these flies at the 
Gainesville quarantine facility. On 30 Sep
tember, I left for Australia, where I prepared 
a written plan for the 1991 research. 

Conclusions 

The project to find biological control 
agents for hydrilla and milfoil in China was 
very productive during 1990. Our primary 
assistants received training in Florida and 
China. In addition, our collaborators from 
Liaoning and Inner Mongolia Provinces re
ceived training in Beijing. Besides the above 
provinces, we also searched for possible bio
logical control agents in HWlan, Guangdong, 
and Jiangsu Provinces and established regular 
sampling sites in Beijing. Numerous aquatic 
herbivores were found (see Table 1). Several 
species of Hydrellia that attack hydrilla were ex
ported to Gainesville quarantine. A plan for the 
research and fieldwork in China during 1991 
was prepared and approved. 
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Table 1 
Insects Found Attackl ng Aquatic Plants In Chi na Du rl ng 1990 
Host Taxa Insect T8X8 Feeding Damage Siles Found 

Haloragaceae 
Myriophyllum spicatum 

(Milloil) 
Coleoptera 

Curcul ion idee 
Phytobius sp. 

Diptera 
Chironomldae 

sp, 1 
sp, 2 

Hemiptera 
Aphididae 

Lepidoptera 
Pyralidae 

Parapoynx sp. 

Stem borer, flower and seed 
feeder 

lip midge 
Stem inhabitors 

Sap sucker 

Lealleedar 

Beijing, Hohhot 

Hohhot 
Beijing, Shenyang, Hohhot 

Beijing, Hohhot 

Beijing 

Hydroeharitaceae 
Hydrilla verriciflara 

(Water thymel 
Coleoptera 

Curcullonidae 
Bagous spp. 

Oonaciinae 

Dlptera 
Chlronomldae 

sp. 2 
sp. 2 

Ephydridae 
Hydrellia prob. 

pakistanae 
Hydrellia sp. b 
Hydrallia sp, c1 

Lepidoptera 
Pyralldae 

Parapoynx sp. 

Stem miner 
Root grub 

Tip midge 
Stem inhabitars 

Leaf miner 

Leal miner 
Stem miner 

Leaf feeder 

Dong Ting Lake 
Linxiang Co, 

Beijing, Shenyang, Yangzhou 
Most sites 

Most sites 

Most siles 
Yangzhou 

Beijing, ChangSha, 
Shenyang, Yangzhau 

Menyan th aeeae 
Nymphoides sp. 

(Marsh wo(1) 
Coleoptera 

Curculion idae 
Bsgous spp. Leal-feeding adult Hohhot 

Pon teded Beeee 
Monochoria Coleoptera 

Curculionidae 
Tanysphyrus Crown and stem borer Liaoning 

Potamogetonaceae 
Po,amogeton 

(Pondweed) 
Oiptera 

Ephydrldae 
Hydra/lis spp. 

Lepidoptera 
Pyralidae 

Parapoynx sp. 

Leal miner 

Leaf feeder 

Beijing 

Beijing 

Trapaceae 
Traps 

(Water chestnut) 
Coleoptera 

Chrysomelidae 
Curculionidae 

NoIsris? 

Leaf leeder 

Lealleeder 

Shenyang 

Dong ling Lake 
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Quarantine Research for Hydrilla Control 

by 
Gary R. Buckingham 1 

Introduction 

During 1990 the hydrilla quarantine re
search project hosted two Chinese visitors 
from the Sino-American Biological Control 
Laboratory, Beijing, for training in techniques 
used to study aquatic insect herbivores. Afri
can midges that attack hydrilla were received 
from cooperators, and an attempt was made 
to colonize them in quarantine. Colonies of 
an Australian hydrilla stem-boring weevil are 
being maintained in quarantine while awaiting 
permission for release. New gerrnplasm of a 
hydrilla leaf-mining fly was obtained from 
Pakistan and from India and was released to 
cooperators. Two species of hydrilla leaf
mining flies were collected in northern China, 
carried to quarantine, and colonized. These 
will be evaluated for use in temperate climates 
of the United States. The quarantine research 
project continues to keep the "pipeline" open 
for inrroduction of new bioeontro} agents. 

Training of Chinese Visitors 

In February 1990, Dr. Wang Ren and 
Mr, Wang YUarl from the Sino-Americarl 
Biological Control Laboratory carne to our 
laboratory for 1.5 months and 3 months train
ing, respectively. The major subjects covered 
were plant and insect identification and use 
of keys, insect herbivore life histories, insect
rearing techniques, field evaluation of bio
control agents (with Dr. Ted Center), and 
biological studies with a native fly that mines 
leaves of frog-bit, Limnobium spongia (Bose) 
Steud. (by Mr. Yuan). 

One of the additional benefits of this train
ing session were the close ties that the US 
biocontrol researchers initiated with Dr. Dick 

Deonier, Miami University, Oxford, Ohio. 
Dr. Deonier is the foremost taxonomist 
working with the important biocontrol flies 
Hydrellia. He presented a training seminar 
for our visitors in Gainesville, which was 
also attended by Ted Center, Alan Dray, 
and Willey Durden of Fort Lauderdale; Al 
Cofrancesco and Mike Grodowitz of the 
WES; and Ed Snoddy of the TVA. 

Dr. Charles O'Brien, Florida A&M Uni
versity, Tallahassee, the foremost taxonomist 
of aquatic weevils, spent an afternoon in the 
field with our Chinese visitors demonstrating 
collecting techniques and a day in his home
laboratory discussing taxonomic characters. 
Dr. O'Brien visited weevil taxonomists and 
museums in Japan, Australia, and New Zea
land in autumn 1989 on an ARS/USDA grant 
to revise the weevil genus Bagous from the 
first two countries. He has also received an 
AID grant to revise the African Bagous during 
1991 and 1992. 

Recently, Dr. O'Brien described several 
new aquatic weevil genera and species from 
South America collected by him through an 
AID grant, and he is revising the Indian Bag
ous as his time permits. Dr. O'Brien's projects 
help our biocontrol programs by providing 
names for our biocontrol agents, and also by 
providing an information base for future pro
jects against other nuisance aquatic plants. 

African Tip Midge 

In May and June 1990, Emmanuel Okrab, 
formerly in our laboratory but now in 
Kumasi, Ghana, and Dr. Richard Markham, 
formerly with the Commonwealth Institute of 
Biological Control (CrnC) in Kenya, but 

1	 US Department of Agric ulture, Agric ultural Research Service, Biological Control Laboratory, 
Gainesville. FL. 
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now residing in Davis, CA, went to Burundi 
in central Africa to collect a midge that dam
ages hydrilla tips in Lake Tanganyika. This 
mysterious midge (or midges) was fust found 
during exploration in 1976 by Robert Pem
berton (Pemberton 1980) on an ARS contract 
and was studied later by Dr. Markham (Mark
ham 1986) on a contract through the crnc 
with ARS and Dr. Center. 

During neither of these previous projects 
had the causal midge been positively identi
fied, although it was tentatively identified as 
a Polypedilum from Dr. Pemberton's speci
mens. Fortunately, Dr. Markham planned to 
be in Africa on other business and volun
teered to make another attempt (with Okrah's 
help) to collect the midge. 

This project was stimulated greatly by re
cent efforts in British Columbia to use a native 
or adventive tip-eating midge for Eurasian 
watermilfoil control. Officials there have high 
hopes of manipulating the midge in the field if 
they can learn to rear it. Stimulating mating is 
a major hurdle for rearing midges. Some spe
cies mate in swarms near the tops of tall trees; 
some mate in sun spots among vegetation; 
some mate near the soil surface; etc. 

HydrilLa is found alongshore in large, 
windswept Lake Tanganyika, which covers 
13,000 square miles compared to about 1,200 
square miles for Lake Okeechobee, Florida. 
Lake Tanganyika is larger than two of the 
Great Lakes. Okrah and Dr. Markham col
lected plants by snorkeling or by boat in 
areas with resident crocodiles. Apparently, 
they almost swam into a crocodile area, until 
they figured out why a man on shore was des
perately yelling at them. Dr. Markham left 
after a week, and Okrah then hired local 
youngsters to help him. 

The Lake Tanganyika hydriHa differs 
greatly from most of our Florida hydrilla. 
The roots are well developed and almost 
woody, apparently to provide an anchorage 
against waves. The plant is small, with small 
almost leathery leaves and very compact apical 
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buds. Most of the buds were missing or fell 
from the plants during shipment. They feU 
off because midge larvae had tuIUleled into 
them and had eaten the insides. Not all dam
aged buds fell off, however; some remained, 
with new shoots growing from their bases. 
The tips of these new shoots were 
usually also attacked. 

Larvae of two species of midges, both in 
the genus Polypedilum, were recovered from 
the damaged buds. Both species were found 
inside the plants, one species naked and the 
other in a silken tube. I believe that both spe
cies are herbivores; certainly, the naked spe
cies is. The British Columbia milfoil species 
lives in a silken tube, suggesting that our 
silken tube species may also be a herbivore, 
rather than merely an invader of the naked 
species'tunnel. Various other midge species 
lived in silken tubes on the outside of the 
plants, but those species undoubtedly fed on 
algae. Although most damage was along the 
upper stem and in the bud, holes were also 
eaten in many of the apical leaves. 

Okrah examined 2,317 hydrilla stems; of 
these, 80 percent had no tip, 60 percent of the 
tips present were damaged, and 7 percent of 
the damaged tips had larvae. The extremely 
low numbers of larvae found in the buds dur
ing this and previous projects suggest that 
the larvae might be very sensitive to plant dis
turbance and might drop off the plant quickly. 
Although many buds had old damage, many 
had fresh damage without larvae. We were 
unable to solve the mating riddle for these 
species and thus rear them; however, we did 
confirm that the damage was caused by 
midges and obtained adults of both species. 

Dr. John Epler, a consultant from Talla
hassee, identified the midges and associated 
all stages with the adults. He believes that if 
they are someday introduced into Florida, the 
males will be distinguishable, but the females 
and larvae will be indistinguishable from 
Florida species. The adults of the two spe
cies differ from each other by the presence or 
absence of small hairs on the wings. 
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New Hydrilla Fly Germplasm 

In August 1990 we fInally obtained the 
hydrilla leaf-mining fly, Hydrellia pakistanae 
Deonier, from the crnc station in Pakistan to 
increase our genetic base. The flies that were 
released previously in Florida were from 
India. The initial laboratory host-specificity 
tests with this species were conducted by the 
CIBC in Pakistan, and the field specificity data 
were obtained by them. After Dr. Deonier 
confumed that the Pakistan flies were the 
same as our Indian flies, we sent larvae of 
the F3 generation to Ted Center and to Greg 
Jubinsky 0 f the Florida Department of Natural 
Resources. 

On my way to China this past summer, I 
stopped in India with the objective to collect 
hydrilla and milfoil insects in the mountains 
of Kashmir. I had discovered several poten
tial agents during a trip in 1985. A second
ary objective, however, if I were unable to 
visit Kashmir, was to collect H. pakistanae 
and the hydrilla tuber weevil, Bagous affinis 
Hustache, at Bangalore in southern India 
where our original colonies were collected. 

Since I was not permitted to travel to 
Kashmir because of hostilities there, I went 
to Bangalore. In Bangalore I was aided by 
Dr. T. Sankaran and Mr. Krishnaswarny who 
has retired from the CIBC Indian Station. 
Traveling two directions from Bangalore, we 
found the waterways either dry or filled with 
muddy water from recent rain runoff. How
ever, with 2 days remaining and traveling to
wards Mysore, we found ponds that had 
small amounts of hydrilla infested with flies. 

My shipment to Gainesville was successful, 
and we released the F3 generation of these In
dian H. pakistanae to Ted Center and Greg 
Jubinsky. We are uncertain if these early
generation flies are more fit than the flies 
reared for several years, but it is a general rule 
that the less laboratory rearing of biocontrol 
agents, the greater the chance of success. 

I collected only one B. affinis, a female, 
which is still alive but has produced only in
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fenile eggs. We also colonized a second spe
cies of hydriUa fly that was mentioned in a 
publication by Krishnaswamy and Chacko 
(1990) earlier this year. We had received that 
species in 1985 but were unable to colonize it. 

Australian Stem Weevil 

At last year's annual meeting, I reponed 
submittal of the request for release of the 
Australian stem-boring weevil, Bagous n. sp. 
Z, to the Federal Technical Advisory Group 
(TAG). It has taken 1 year, but we have re
ceived permission from both the TAG and 
the Florida Anhropod and Pathogen Introduc
tion Committee. The permit for release is 
now in the Animal and Plant Health Inspec
tion Service, USDA, offices in Maryland, 
awaiting an evaluation by their Environmen
tal Assessment Staff to determine if an Envi
ronmental Assessment is necessary. 

As most of you probably remember, adults 
of this weevil cut the hydrilla stems which 
contain the eggs and larvae. These stem frag
ments float to shore, where the larvae com
plete their development inside the stems. 
Pupation occurs in the layer of decaying 
plants or in the soil. We are continuing to 
rear this weevil in expectation of permission 
to release it. 

China Flies 

As Joe Balciunas has already mentioned, 
I visited China during September 1990 and 
carried back hydrilla infested with flies. The 
material was from three locations: Beijing; 
Shenyang, nonh of Beijing; and Yangzhou, 
south of Beijing near Shanghai. A total of four 
females and four males emerged from Beijing, 
and one female and one male emerged from 
Yangzhou. These 10 flies, including two spe
cies, were combined to ensure mating because 
we were unable to differentiate the live males. 

In the PI generation we obtained 33 fe
males, 30 males of both species mixed, and 
have now obtained 56 mixed females in the 
F2 generation, which is still emerging. The 
flies from Shenyang did not emerge until a 
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month after arrival in the laboratory (2 months 
after collection), but we had greater numbers: 
10 fe males and 19 males of both species 
mixed. The Fl generation is now emerging. 

The two Chinese Hydrellia are very similar 
to the two Indian species and may eventually 
prove to be the same species. Females can 
be separated relatively easily by the shape of 
small hardened structures at the end of the ab
domen, called cerci. The cerci of living H. 
pakistanae are lighter brown than those of 
the other species and are L-shaped rather 
than triangular. Facial reflection is golden in 
H. pakistanae females and silver in the other 
species. Dead males can be easily separated 
by their genitalia, but it is difficult to sepa
rate live males. Dr. Deonier is presently 
studying these species, and it is hoped that he 
will be able to sort out this complex. 

Future Studies 

During the next year we plan to conduct 
cross-mating studies with the Chinese and 
Indian flies; we also plan host-specificity 
studies with the silver-faced species and, if 
warranted, with the H. pakistanae-like species. 
If H. pakistanae is indeed in China, we will 
conduct tests with only a few key plant species 
just to ensure that its host range is the same 
as that of the Indian population. The climate 
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of Shenyang is similar to that in Minnesota, 
so these Chinese flies should be able to estab
lish in our northern hydrilla locations. 

We hope to be able to release Bagous n. 
sp. Z to Dr. Center soon, but I have no idea 
when that might be. If Dr. BaJciunas' and 
my foreign travel plans are approved, I will 
travel to western China during August 1991 
with Dr. Wang Ren to survey on Eurasian 
watermil foil. 
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The Future of Microbial Herbicides 

by 

James P. Stack} 

Introduction 

The future of microbial herbicides looks 
brighter today than at any time in the recent 
past. This optimistic outlook can be justified 
by recent technical advances and sociopoliti
cal changes that make the climate for devel
opment and implementation of biological 
controls near ideal. 

The conditions that make the climate ideal 
for microbial herbicides in general are applica
ble to microbial herbicides for aquatic environ
ments, as welL The emphasis of this paper is 
on development of fungi as microbial herbi
cides for nuisance aquatic plants, though exam
ples will pertain to the larger framework of 
microbial herbicides in any system. 

The objective of this paper is not to pre
dict the future, but rather to identify the po
tential that is yet to be realized in the area of 
microbial herbicide development. Where are 
we now and where might we be in 10 years 
based on our present potential? 

Biological Control In Transition 

The approach 

The present approach to microbial herbi
cide development, and biocontrol in general, 
is in transition from biological control as a 
scientific curiosity to biocontrol as a manage
ment tool and commercial opportunity. This 
transition period has seen a change in meth
ods of selecting microbial control agents 
from empirically driven selection systems to 
analytical selection systems. PerfoTmance 
criteria have been critically defmed, and eval

uations have changed from qualitative to 
quantitative. These changes in approach will 
optimize the selection process for agents 
with high probabilities of success for biologi
cal control in agricultural or natural ecosys
tems, I.e., the real world. 

This transition in approach to microbial 
herbicide development is evident based on 
the fact that two mycoherbicides are commer
cially available in the United States (Bowers 
1986, Kenney 1986); the experience gained 
in the commercialization of the first 
bioherbicide is being used to increase the effi~ 

ciency of the development process (Hasan 
and Ayres 1990, Templeton 1986); and sev
eral mycoherbicide programs are at the field
testing stage of development (Charudattan 
1991, Hasan 1988). 

Starting assumptions 

In the past, much of the effort to develop 
biological controls was dominated by the as
sumptions that (a) biologicals are a special 
case not subject to the same developmental 
constraints as synthetics, (b) the consumer 
will pay more for less efficacy if it is biologi
cal, and (c) the general public is anxiously 
awaiting biological controls. 

Biologicals face many of the same 
constraints as the synthetic chemicals: C05t
effectiveness, efficacy, shelf life, formulation, 
and environmental safety. The assumption 
that the consumer, whether farmer or lake 
manager, will accept a biological product 
that costs more and is less effective will not 
be borne out in the market place. Biological 
controls will be held to the same perfor
mance standards as competing products. 

1 EcoScience Laboratories, Inc., Amherst, MA. 
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A desire on the pan of the general public 
to stop using synthetics should not be con
strued as an equal desire to start using biolog
icals. The public has become sensitized to 
exposure to things they cannot see. They 
need to understand biological control and 
biocontrol agents. 

Management Philosophy 

The two strategies for microbial herbicide 
development often stated in the literature are 
classical and mycoherbicide (Hasan and 
Ayres 1990, Templeton 1982). These strate
gies must be considered within the context of 
overall system management. We should con
sider not only whether the different manage
ment practices within any system are 
compatible, but also whether they can be 
made interactive to the benefit of the total 
system; that is, they should be not just com
patible, but truly integrated controls. 

Classical 

With the classical strategy, the biocontrol 
agent becomes endemic after introduction. 
This strategy is appropriate for introduced 
species using pathogens from the same geo
graphic source as the target species. There 
are many examples of classical biocontrol of 
terrestrial species of nuisance plants, which 
are under various stages of development 
(Charudattan 1991, Hasan 1988, Hasan and 
Ayres 1990). 

The intended result from the classical ap
proach is to have the agent population estab
lish in the application year and increase in 
subsequent years (Quednau 1990). In theory, 
this strategy is ecosystem stabilizing and re
sults in long-term control. The short-term ob
jective is to regulate the target population 
rather than to eradicate it, with eradication 
perhaps being a long-term objective. 

At present, the US Environmental Protec
tion Agency (USEPA) requires data on persis
tence of microbials applied to the environment 
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It is believed that microbes which persist 
present a greater environmental risk. Persis
tent microbes will require more environmen
tal impact data, and thus will likely be more 
difficult to register. Hence, the current regu
latory atmosphere appears less conducive to 
the development and application of microbial 
agents for classical biocontrol. 

Mycoherblclde 

This strategy requires application of the 
agent annually. The strategy is one of inunda
tion and is appropriate for indigenous species 
of nuisance aquatic plants using pathogens 
from the indigenous target species popula
tion. As with classical control agents, there 
are many examples of mycoherbicide 
biocontrols of terrestrial nuisance species 
under various stages of development 
(Charudattan 1991, Hasan 1988, Hasan and 
Ayres 1990). 

Most industrial programs are aimed at de
veloping agents that fit in the mycoherbicide 
approach category, and these are likely to 
reach the marketplace fIrst. That is not to 
suggest that classical biocootrol agents will 
not be developed and be successful; their de
velopment and commercialization may lag be
hind until sufficient data and experience with 
microbials demonstrate their safety. 

The mycoherbicide approach is designed 
for with in-season eradication (or subs tanti a1 
reduction) of a target plant population. Dif
ferent systems in which control is to be ef
fected may permit the selection of agents 
where control is dependent upon pathogen 
population increase (polycyclic disease 
cycle; rate of pathogen population increase 
drives epidemic) or independent of pathogen 
population increase (monocyclic disease 
cycle; amount of initial pathogen inoculum 
drives epidemic) within the application sea
son. A pathogen capable of population in
crease subsequent to application may be 
applied at much lower rates, making control 
more cost effective. This is likely to be a 
focal point in the future. 
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Integrated controls· synthetics 

During this transition period of biocontrol 
development, it might be more profltable to 
develop ways to utilize biologicals with the 
synthetic chemicals rather than instead of 
them. There have been successful attempts 
at combined biological/chemical controls of 
nuisance aquatic plants including Eurasian 
waterrnilfoil (Sorsa, Nordheim, and Andrews 
1988) and waterhyacinth (Charudattan 1986). 
Many advantages to the implementation of 
combined biological/chemical controls have 
been noted, including the following: 

•	 There is lowered risk to selection for 
resistance to the synthetic, since the 
two active ingredients operate by dif
ferent mechanisms. 

•	 The combined use of two control 
agents will result in the application of 
less of each of the active ingredients. 

•	 The chemical can compensate for the 
lack of speed in the biological, and the 
combined action of the two agents can 
achieve the high level of efficacy re
quired at concentrations of the syn
thetic of lesser environmental concern. 

Resistance in target plant populations to 
microbial herbicides is also a possibility. The 
potential for combined applications to de
crease the pressure for developing resistance 
needs investigation. How the strategy 
(classical versus inundative) of biocontrol 
implemented affects the probability of resis
tance arising in the target population has 
been discussed theoretically (Briese 1989). 

Integrated controls - biologicals 

Once the mechanisms of action for micro
bials are established, it is conceivable that mi~ 

crobes with different mechanisms could be 
combined to elicit a higher level of efficacy 
than either one could provide alone. This 
concept could also be applied to microbe
insect combinations, with the insect serving 

as an active ingredient as well as a delivery 
vehicle for the microbe. Preliminary reports 
of microbe~microbe and microbe-insect com~ 

binations have been reviewed (Hasan and 
Ayres 1990). 

Integrated controls - cultural 

There are perhaps more chances of inte
grating microbial and cultural practices in ter
restrial systems than in aquatic systems. One 
possibility is the application of a microbial 
inunediately following a mechanical harvest
ing operation. The wounds created by the 
harvesting may weaken the host and provide 
sites of entry for the pathogen. To my knowl
edge, this has not yet been attempted. 

Technology: Vehicle to the Future 

For most human endeavors, progress is a 
function of technology. With any technology 
there are many prerequisites to successful de
velopment and implementation. Both the at
tainment of success and the rate at which the 
success is attained often depend upon how 
we use existing technology to solve problems 
and generate new technology. 

What technologies and applications are 
likely to impact the future of microbial herbi
cides? Molecular biology and computer tech
nology (hardware and software) will have 
major impacts on the future of microbial her
bicide development. Advances in these areas 
will lead to advances important to microbial 
herbicides, including: 

•	 Understanding mechanisms of action. 

•	 Predicting the behavior of populations 
of microorganisms. 

•	 Monitoring the performance of micro
bial control agents. 

•	 Developing efficient strain selection 
systems. 
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•	 Developing knowledge-based manage
ment programs. 

Strain selection and Improvement 

Critical to the success of any microbial de
velopment system is strain selection and im
provement. Most selection systems of the 
past could be described as empirical and ran
dom. The selection systems of the future 
will be sophisticated mechanism~drivensys
tems. Microbial development will be target 
system-specific and task-oriented. What task 
must the agent accomplish, and what attri
butes must the agent have in order to accom
plish that task? Selection and evaluation 
assays will be developed based on the neces
sary attributes. They will reflect the mecha
nism of action in the target system. 

The efficiency of strain selection will be 
enhanced by the development of computer
aided selection. Expert systems will help de
termine the minimum traits necessary for 
consideration of a microbial control agent. 
Databases with potential agent profiles will 
identify which candidate agents to test for a 
given system. The agent profile will contain 
information on the key traits under consider
ation, e.g., lectin-mediated attachment and 
spore production in submerged fermentation. 
The profile will also provide information on 
whether key traits are subject to genetic or 
cultural manipulation, and whether variation 
exists in the natural population. 

Designed agents 

It is now possible to manipulate the ge
names of bacteria, fungi, and yeasts. Recom
binant DNA technology significantly 
improved the efficiency of manipulation over 
traditional mutagenesis. The regulatory agen
cies and the general public are becoming 
more informed of the technology and more 
comfortable with its application to problem 
solving. 

Intelligent application of this technology 
will facilitate the development and utilization 
of agents designed for a specific task. This 
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will, in tum, improve the efficacy of the agents 
and reduce the potential for negative nontarget 
effects after their introduction to natural habi
tats. Example types of manipulations possible 
with the bacteria and fungi that may be used 
for the development of microbial herbicides in
clude modifications of pathogenicity detenni
nants and virulence determinants. 

Pathogenicity determinants. Several 
stages of communication between a plant and 
a microbe are involved in the determination of 
compatibility or incompatibility (Halvorsen 
and Stacey 1986). Some of these stages have 
been characterized physiologically, biochemi
cally, and/or genetically and been shown 
amenable to manipulation. 

•	 Deletion of avirulence genes. Re
search with plant pathogenic bacteria 
has demonstrated the potential for 
modifying microbial agents to avoid 
plant host defense responses. In many 
plant-microbe systems, the microbial 
genome houses genes for the produc
tion of molecules that elicit a defense 
response in the plant (Keen and 
Staskawicz 1988). In some systems 
these are termed avirulence genes. 
When the avirulence genes are deleted 
or inactivated (not expressed), patho
genesis results (Staskawicz, Dahlbeck, 
and Keen 1984). Hence, a microbial 
agent could be modified to avoid the 
host defense response by deleting the 
genes that encode the elicitors of that 
response. 

•	 Insertion of defense-avoidance 
genes. In some plant-pathogen interac
tions, the pathogen genome encodes a 
gene or genes for the production of en
zymes that detoxify plant defense mol
ecules, e.g., phytoalexins (Darvill and 
Albersheim 1984; Van Etten, Mathews, 
and Mathews 1989). One example of 
bow this might be used in the develop
ment of a microbial herbicide can be 
found in the Fusarium-pea system. 
Certain strains of Fusarium oxysporum 
f. sp. pisi produce the enzyme pisatin 
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demethylase. which detoxifies the pea 
phytoalexin pisatin. The virulence of 
strains that fail to produce this enzyme 
is much reduced. 

The pisatin demechylase gene was 
transferred to a plant pathogenic fun
gus not normally pathogenic to pea. 
The transfonned strain expressed the 
pisatin demethylase gene and was viru
lent on pea (Schafer et al. 1989). This 
demonstrated the potential to introduce 
genes into a pathogen that enables the 
pathogen to overcome host defense 
mechanisms and to either expand or 
specifically tailor its host range. 

Virulence determinants. Once compati
bility has been established, several host and 
pathogen factors regulate the dynamics of the 
ensuing interaction. Pathogen enzymes that 
depolymerize plant cell wall components can 
greatly affect the rate at which the plant tis
sues are decomposed (Wijesundera, Bailey, 
and Byrde 1984), and have been shown to be 
one of the differences between virulent and 
hypovi.rulent strains of a pathogenic fungus 
(Marcus et a1. 1986). Two such enzyme sys
terns, pectinases and cellulases, have been 
well characterized and shown amenable to 
manipulation in bacterial (Collmer et al. 
1986) and fungal (Dean and Timberlake 
1989) pathogens. Modification of the com
plement of enzymes or the regulation of syn
thesis could greatly improve the efficacy of 
microbial agents. 

One aspect of microbial herbicide develop
ment important to both efficacy and safety is 
host range (Weidemann and Tebeest 1990). 
It may be desirable to alter the host range of 
microbial herbicides to make them either 
more or less specific. Several approaches are 
possible, including genetic manipulation of 
broad host range fungi to make their host 
range more restrictive. Success in this area 
has been achieved with the plant pathogenic 
fungus ScJerotinia sclerotiorum (Sands, 
Ford, and Miller 1990). This approach is 
worthy of more attention. 

Formulation 

One major obstacle to the application of bio
logical control agents in general is the develop
ment of formulations that stabilize viability 
and maintain efficacy. This is especially true 
for aquatic environments, where the formula
tion should consider application parameters 
(e.g., sedimentation rate and trajectory) and 
plant interaction parameters (e.g., adhesiveness 
to the plant surface). Formulation of biologi
cals should be considered an integral part of 
their development, and not as an afterthought 
(Stack, Kenerley, and Pettit 1988). 

Formulations of biologicals in the future 
will employ several tactics to enhance the 
performance of the agent. Potential examples 
include the amendment of formulations with 
chemicals that affect plant susceptibility 
(e.g., plant growth regulators, plant growth 
regulator inhibitors, low concentrations of 
herbicides, phytoalexin synthesis inhibiters), 
or with virulence enhancement compounds. 
Many pathogen-produced plant cell wall
degrading enzymes are subject to catabolite 
repression and are inducible. Designing a 
formulation that would prevent repression 
and provide an inducer might enhance viru
lence or the dynamics of disease progression. 

Prospects for Market Entry 

Regulatory atmosphere 

All the technical advances made and to 
come will be underutilized in practice if the 
regulations governing microbial control 
agents preclude their widespread application. 
Based on recent developments, there is rea
son to be optimistic that the regulations will 
facilitate rather than impede the implementa
tion of biological controls. Heightened con
cern over public health issues associated with 
the use of synthetic chemicals has resulted in 
a sense of urgency for the development of bi
ological controls. In tum, a spirit of coopera
tion between industry and the regulatory 
agencies, primarily the USEPA, has evolved. 
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Evidence for the change in the regulatory 
process can be found in the frequency with 
which the USEPA solicits input from the major 
scientific societies, the involvement of leading 
scientists in developing guidelines, the con
stant refmement of the regulations, and the in
volvement of Congressional committees in the 
promotion of biological controls. 

Education 

One potential barrier not to be overlooked 
or taken lightly is the acceptance of biocontrol 
by users and the general public. It is incum
bent upon scientists, regulatory agencies, and 
administrators to educate the public about the 
technology and the implications of its im
plementation. 

A rational approach to development, an ap
propriate regulatory framework, and an edu
cated public will enhance the probability of a 
speedy transition from laboratory-based bio
logical control experimentation to the im
plementation of biological control as a 
management option. 
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The Potential for Biological Control of Eurasian
 
Watermilfoll (Myriophyllum spicatum):
 

Results of Brownington Pond, Vermont,
 
Study and Multi-State Lake Survey
 

by
 

Robert P. Creed, }r" I and Sallie P. Sheldon l
 

Introductlon	 niveus) (Lepidoptera; Pyralidae) and the 
weevil Eurhychiopsis lecontei (Coleoptera; 
Curculionidae), have been found associated Eurasian watennilfoil (Myriophyllum 
with declining populations of watennilfoil inspicatum L.) was accidentally introduced into 
northeastern North America (Painter andNorth America sometime between the late 
McCabe 1988; Sheldon and Creed, personal1800's and the 1940's (Bayley, Rabin, and 
observation), including Brownington Pond,Southwick 1968; Aiken, Newroth, and Wile 
Vennont. However, the exact role played by1979; Couch and Nelson 1986). Since its in
these herbivores in bringing about these detroduction, it has spread over much of North 
clines remains undetermined.America (Aiken, Newroth, and Wile 1979; 

Couch and Nelson 1986; Nichols and Shaw 
We are currently evaluating the potential1986; Painter and McCabe 1988). It was 

for E. Lecontei and A. nivea to act as biologifirst reported in Vermont in 1962 in Lake 
cal control agents for watermilfoil. There areChamplain (personal communication, Holly 
two main objectives to this research. First, Crosson, Vermont Agency of Natural Re
we are closely monitoring the fate of watersources (VtANR)). 
milfoil in Brownington Pond, which has 
recently displayed a watermilfoil declineA number of methods, many of them quite 
(Figures 1 and 2). In addition to followingcostly, have been employed to control water
the M. spicatum population in the pond, wemilfoil in Vermont and elsewhere, including 
are trying to determine the role herbivoresuse of drawdowns, herbicides, bottom barriers, 
may have in the northeastern United States.and mechanical harvesting. In general, while 

these control methods may result in short
term reductions in watermilfoil abundance The summer of 1990 was our first field 
(BayIey, Rabin, and Southwick 1968; Nichols season. During this season we determined 
and Cottam 1972; Aiken, Newroth, and Wile the distribution and abundance of watermil
1979), they do not appear to have proven sat foil in Brownington Pond and conducted 
isfactory for long-term control of this intro some experiments on the effects of weevil 
duced nuisance aquatic plant (Bayley, Rabin, adults on M. spicatum. We also conducted a 
and Southwick 1968; Spencer and Lekic qualitative survey of watermilfoil and associ
1974; Aiken, Newroth, and Wile 1979). ated herbivores in several lakes in Vermont, 

New Hampshire, and Massachusetts. This 
Recently, attention has focused on the po paper highlights some of our major findings 

tential for biological control of Myriophyllum from last year. For more detailed discussions 
spicatum. Aquatic herbivores, such as the of this research, the reader is referred to our 
caterpillar Acentria nivea (:Acentropus annual report. 

1 Department of Biology, Middlebury College, Middlebury, VT. 
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Figure 1. Distribudon of M. spkatum in Browningwn Pond in 1986. Most of the deeper 
littoral zone was covered by a dense bed ofM. spkalum. (Data arefrom qunliwtive 

surveys coni/ucted by the VtANR. Depth is in feet) 
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Figure 2. Distribution ofM. spicatum in Browntngwn Pond in 1989, when there appeared
 
to be only one bed of waterml/foU. (Data are from a qlUllitatil'e survey conducted
 

by S. Sheldon and D. Smilh. Depth is in/eet)
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Brownlngton Pond 

Materials and methods 

We conducted a pond survey to detennine 
the location of any watennilfoil beds in the 
littoral zone (two were found, see Figure 3). 
Then we began a program of sampling to 
monitor changes in M. spicatum density and 
biomass in the beds over time. Quadrat 
(O.25-m2

) samples were taken by a scuba 
diver approximately every 2 weeks, and three 
to six samples were taken per bed. Areas to 
be sampled were chosen haphazardly, although 
an attempt was made to collect samples from 
both the center and edges of the beds. 

Upon completion of the linoral zone survey, 
we noticed that the two watermiIfoil beds were 
located in water between 2.0 and 3.5 m deep. 
This absence of watermiLfoil from shallower 
water seemed atypical, as M. spicatum is re
ported to take over much of the linoral zone 
up to a depth at which light is limited (Titus 
and Adams 1979). To better document this 
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pattern, we sampled all macrophytes along 
transects perpendicular to shore on two dates, 
17 July and 25 August 1990. As OUI primary 
goal was to describe the M. spicatum distribu
tion pattern, the transects were run only in 
the vicinity of the twO beds. Three transects 
were sampled per bed on each date by scuba 
divers. 

We conducted three experiments to assess 
the effects of feeding by adult weevils on M. 
spicatum growth and the ability of weevils to 
remove leaf tissue from M. spicatum as well as 
a native milfoil, Myriophyllum exalbescens 
(=sibiricum). 

Weevil tube experiment 

The primary purpose of this experiment 
was to evaluate the effects of feeding by 
adult weevils on watermilfoil growth. The 
experimental chambers consisted of clear 
plastic tubes (42-mm inside diameter) set in a 
sediment-filled base made from PVC pipe, 
and were similar in design to those used by 
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Figure 3. Distribution ofM. spicatum in Brownington Pond in 1990. Watermilfoil abundance
 
appears tv have increased relative tv 1989. Two distinct beds were present, referred to
 

as West and SoUlh Beds. (Depth is in meters)
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Barko and Smart (1980). Eighteen measured 
(length in millimeters) and preweighed (blot
ted wet weights in grams) autofragmems of 
M. spicatum (from which all visible inverte
brates were removed) were then placed into 
individual chambers. 

The chambers were placed in a 750-L out
door wading pool. The experimental design 
was a randomized block design with three 
treatments (0,2, and 4 adult weevils) per row, 
six replicates per treatment. Water tempera
tures ranged between 17 and 25°C during 
the experiment, and the experiment was run 
for 13 days. 

Weevil bag experiments I and II 

Adult weevil feeding also results in the 
loss of considerable leaflet material and stem 
damage. To quantify these effects, we 
placed clean, intact M. spicatum stems (ap
proximately 15 em long) into pairs of plastic 
bags filled with pond water and weighted (to 
maintain a vertical position) with aquarium 
gravel. The bags were placed in the wading 
pool described above. Half of the bags re
ceived a single adult weevil (n = 5); the other 
five bags served as controls. Plants were re
moved from the bags after 5 days, and all 
loose leaflets and leaves remaining in the bag 
were removed and counted. The location of 
all stem bites was also recorded. Water tem
peratures during the experiment ranged from 
17 to 25°C. 

A similar experiment was used to determine 
what effect adult weevils might have on a na
tive milfoil when presented with both a native 
(M. exalbescens) and the exotic M. spicatum. 
The design of this experiment was identical 
to the one described above except that two 
stems were present in each bag, one of each 
milfoil species, n =4. The experiment lasted 
for 8 days. Water temperatures ranged from 
15 to 24°C. 

Results and discussion 

Milroil distribution and abundance. The 
density of watermilfoil in the two beds ranged 

from roughly 100 to 200 stems per square meter 
over the summer. Stem density increased to 
a peak of about 200 stems/m2 in both beds 
until mid-Jull and then declined to 100 to 
130 stems/m by August. In contrast to stem 
density, M. spicatum biomass displayed a 
steady increase from late June through Au
gust, from 20 to 150 Pl..m2 in the South Bed 
and from 38 to 95 g/m2 in the West Bed. 

The transect data revealed that the water
milfoil beds were largely confined to depths 
between 2.0 and 3.5 m. There was a mix of 
native macrophytes and watennilfoil at the 
edges of the beds. However, there was little 
native macrophyte biomass in the center of 
the beds. 

The data that were collected by the VtANR 
in 1986 and 1987 and that we coUeeted in 
1989 and 1990 demonstrate that a substantial 
decline has occurred in the Brownington 
Pond watermilfoil population. In 1986, water
milfoil ringed the deeper littoral zone of the 
pond. By 1989, only one bed remained. As of 
1990, there were two beds in the pond, which 
suggests that the watennilfoil population may 
be rebounding. However, many M. spicatum 
plants exhibited herbivore damage from 
Acentria and E. lecontei, including lack of 
meristems. 

In addition, no watermilfoil plants were 
observed flowering in 1990. Also, water
milfoil density was considerably lower than 
that observed in Lake Bomoseen, a Vermont 
lake that currently has a serious watermilfoil 
infestation. The native macrophytes, on the 
other hand, seemed quite healthy. Potamo
geton amp/i/olius plants were very abundant 
and were observed flowering. Heteranthera 
dubia was also quite abundant, forming dense 
mats at the surface of the pond by late summer. 

The absence of M. spicatum from shallow 
water is interesting, as this species often 
grows right up to the shoreline in many lakes. 
Crayfish (Orconectes viriLis) are present in 
Brownington Pond and were most frequently 
encountered in shallow water. Recent work 
has shown that crayfish can have a strong 
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negative effect on macrophyte abundance in 
lakes (Abrahamsson 1966, Lodge and Lorman 
1987, Coffey and Clayton 1988). We will 
conduct experiments next summer that will 
test the hypothesis that crayfish are causing 
this pattern of watermilioil distribution in 
Brownington Pond. Alternative hypotheses 
include differences in sediment nutrients or 
particle size between deep and shallow water. 

Weevil tube experiment. Feeding by 
adult weevils resulted in significant reductions 
in both the height of plants and final weight 
compared with controls (Figures 4a and 4b). 
Upon sampling the experiment, we found two 
larvae on two of the control plants. Mean 
change in length of the four control plants 
without larvae was 75 mm. 

Larvae were also found in the weevil treat
ments (five of the two-weevil treatment repli
cates and four of the four-weevil treatment 
replicates). As larvae W1doubtedly had some 
effect on watermilfoil growth, we reanalyzed 
the length, weight, and loss of leaves response 
data using ANCOVA, with number of larvae 
as the covariate. When the adult treatment ef
fects are adjusted for the presence of larvae, 
adults were still found to have very significant 
effects on change in weight and loss of leaves 
(Table 1). Larvae had little or no effect on 
these variables. The effect of adults, however, 
on change in length was changed from being 
very significant (p < 0.018) to marginal sig
nificance (p < 0.057) when adjusted for pres
ence of larvae (Table 1). The presence of larvae 
did contribute somewhat to reduction in length 
and weight, but their effect on weight was 
minor compared with that of the adults. 

Leaves were lost from plants in all three 
treatments (Figure 4c). The loss of leaves in 
the control treatment was primarily the result 
of leaves dying at the point where the stems 
were planted in the sediment (Figure Sa). 
Plants from both of the weevil treatments lost 
the majority of leaves from the top due to 
weevil feeding (Figures 5b and 5c). 

Weevil bag experiments I and II. In the 
first experiment, weevils removed a significant 
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number of leaflets from watermilfoil stems 
but did not have a significant effect on whole 
leaf loss (Figures 6a and 6b). Four of the 
five weevils also fed on the stem, with most 
bites being near the top of the stem (Figure 7). 

In the second experiment, when presented 
with two species of milfoil (M. spicatum and 
M. exalbescens), weevils still concentrated 
their feeding on M. spicatum. Weevils had 
no significant effect on M. exalbescens 
(Figures 8a and 8b), although they did remove 
a few leaflets. A total of 55 bites were found 
on M. spicatum stems, compared with only 6 
found on the M. exalbescens stems (Figure 9). 
Again, the weevils concentrated their stem
feeding on the upper six internodes of the 
M. spicatum stems. 

All three of these experiments produced 
promising results with respect to the potential 
for E. lecontei to serve as a biological control 
agent. Adult weevils were found to have 
significant negative effects on watennilfoil 
growth. Weevils were also capable of remov
ing significant amounts of photosynthetic tis
sue and causing considerable stem damage. 
These data, combined with our observations 
on larval damage to meristems and stem 
burrowing, suggest that larvae and adults in 
concen may cause considerable damage to 
M. spicatum. Whether or not weevil feeding 
can bring about a waterrnilfoil decline remains 
to be detennined. 

Table 1 
Results of the ANCOVA In Which the Adult 
Effects on Change In Length and Weight, 
and the Number of Leaves Lost, Are 
Adjusted lor the Presence of Larvae 
In the Treatments1 

Response 
Variable 

Type I Type III 

F P F P 

Length 5.43 0.018 3.54 0.057 

Weight 12.43 0.0008 9.35 0.0026 

Leaves 20.90 0.0001 19.52 0.0001 

, Values in the table are the unadjusted (Type I) and 
adjusted (Type III) F and P values from the ANCOVA. 
The F values are for the whole analysis, Le., aUtreat
ments combined, and not the paired contrasts. 
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comparison ojthe two· versus thefour~weevil treatment)
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Multi-State Lake Survey 

In order to determine the distribution of 
M. spicatum herbivores throughout Vermont 
and part of New England, a number of lakes 
were visited in 1990. Qualitative surveys 
were made of watermilfoil (or Myriophyllum 
heterophyJlum in New Hampshire) and asso
ciated herbivores in these lakes. 

Materials and methods 

Lists of lakes containing M. spicatum pop
ulations were obtained from the Vermont De
partment of Environmental Conservation and 
the Massachusetts Department of Environ
mental Protection. A list of lakes with dense 
populations of M. heterophyllum was obtained 
from the State of New Hampshire. New 
Hampshire state officials were unaware of 
any M. spicatum populations in their state at 
that time. 

The section of the littoral zo'ne of each 
lake where milfoil had been previously ob
served was surveyed by a pair of skin divers. 
Upon locating the Myriophyllum, the plants 
were examined for the presence of herbivores 
and evidence of herbivore damage (e.g., 
Acentria day refugia and puparia, grazing 
scars and internal stem damage from wee
vils). Specimens of all potential invertebrate 
herbivores associated with the rnilfoil were 
also collected. Dominant plant species in 
each lake in addition to milfoil were sampled. 

Results and discussion 

In Vennont, 22 lakes with M. spicatum 
were surveyed. Thirteen of these lakes had 
Acentria, Eurhychiopsis, or Parapoynx. 
Eurhychiopsis lecontei was found in 10 lakes 
located throughout the state. Acentria and 
Parapoynx were present in eight and four 
lakes, respectively. Most collections of these 
herbivores were from lakes in the Champlain 
Valley drainage on the western part of the 
state. The two exceptions were Lake Mem
phremagog and Brownington Pond. which 
are on the Canadian border. Only one lake 
from the Connecticut River drainage was 

examined, and it did not contain these herbi
vores. Thus. it is too early to say whether any 
of these herbivores are present in this drain
age in Vermont. 

Ten lakes were surveyed in western Mas
sachusetts. Three of the lakes had Acentria, 
and three had E. Lecontei. No Parapoynx were 
found in Massachusetts. The State of Massa
chusetts also has no records for Parapoynx 
from any of their lakes. All of the lakes sur
veyed in Massachusetts were in the drainage 
of the Housatonic River; none were in the 
Connecticut River drainage. 

Eight lakes with "nuisance" populations 
of M. heterophyllum were surveyed in New 
Hampshire. None of these herbivores were 
found on this milfoil species in any of the 
lakes. There are at least three explanations 
for their apparent absence. First, dispersing 
herbivores may find M. heterophyllum, or 
other macrophyte species, to be an unsuitable 
host, and thus may not survive in these lakes. 
Second. one of more of these herbivores may 
actually be present in these lakes but, since our 
divers sampled only M. heterophyllum, they 
were not detected. Third, none of these herbi
vores may have yet dispersed (with or without 
human intervention) into New Hampshire. 

It is doubtful that the widespread distribu
tion of these herbivores in Vermont is purely 
the result of unaided dispersal by these ani
mals. We suspect that these herbivores dis
perse over fairly short distances (up to 5 km) 
and that this could explain some of the clus
ters of infested lakes we have observed. 
With respect to long-distance movements, it 
is much more likely that these herbivores are 
often being transported along with watermil
foil plants, especially since both E. lecontei 
and Acentria have endophytic life stages. 
However, the dispersal ability of the adults 
of these herbivores needs to be investigated. 

We noticed in Vennont that the lakes that 
often did not have herbivores currently have 
Eurasian watermilfoil control programs. In 
Lake Bomoseen, where adjacent sections of 
two waterrnilfoil beds have been designated 
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as either harvest or no-harvest areas, we have 
been evaluating the effect of mechanical har
vesting on herbivores. Samples taken at the 
end of last summer revealed that there was 
significantly more herbivore damage to un
harvested plants compared to harvested ones 
(Chi square = 1,425.8, 2 df, p < 0.0001) at 
one of the sites. Samples from the other site 
have not yet been processed. 

All three herbivores are often found near 
the tops of M. spicatum plants. Our data on 
weevil feeding show that adults concentrate 
their feeding at the tops of plants. Weevil eggs 
and first instar larvae are found in and on the 
meristems. Thus, mechanical harvesting may. 
be removing the majority of the weevils (and 
caterpillars) along with the upper portion of 
the watennilfoil. 
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Chemical Control 

Chemical Control Technology: History and Overview 

by 

Kurt D. Getsinger l 

Background 

Since the establishment of the Chemical 
Control Technology Team, this research area 
has progressed through three major periods: 
Period I (1975-1978); Period IT (1979-1988); 
and Period III (1989-present). During the 
first period, the chemical control research 
effort was directed by Dr. Dana Sanders. 
Dr. Sander's program responsibilities were 
shifted to the biological research effort in 
1978, and he has since moved into the realm 
of private consulting. 

The second period of chemical control re
search was led by Dr. Howard WesterdahI, 
who left the program during 1989 to work for 
Bauelle Pacific Northwes t in Rich land, WA. 
Following Dr. Westerdah1 's departure, the di
rection of the chemical technology area was 
turned over to Dr. Kurt Getsinger. 

Although the research emphasis in the 
chemical area has shifted over time, enough 
technical continuity has persisted through 
each period to provide the foundation for the 
current research approach. Work efforts 
have concentrated on managing submersed 
species, primarily Eurasian watermilfoil and 
hydrilla, since these plants are generally 
more difficult to control than emergent or 
floating species. 

Prior to providing an overview and update 
of Period III of the chemical technology area, 
the major research thrusts and highlights of 
the first two periods will be discussed. 

Period 1(1975-1978) 

Perhaps the major concern of this early pe
riod centered on the registration of aquatic 
herbicides. Since 1972, all pesticides pro
duced and distributed in the United States 
have been regulated by the Federal Insecti
cide, Fungicide, and Rodenticide Act 
(FIFRA). FIFRA provides for a balance be
tween the risk involved with the use of pesti
cides and the benefIts obtained from their 
use. As more infonnation was obtained re
garding the risks and benefits of each herbi
cide, fewer herbicides were registered for 
aquatic use by the US Environmental Protec
tion Agency (EPA). 

In addition, the high cost and length of 
time required for developing and registering 
new, environmentally compatible aquatic her
bicides was resulting in the submission of 
fewer registrants for EPA approval. These 
developments were exacerbated by the minor 
use market of the aquatic arena (as compared 
to row crops, forestry, etc.). It should be noted 
that these same factors remain today (1990 esti
mates for aquatic registration range from $20 
to $40 million and 8 to 12 years), and vegeta
tion managers have only a handful of chemical 
products approved for aquatic use. 

In response to this loss of aquatic prod
ucts, the Chemical Control Team initiated co
operative research and interactions with the 
EPA, the US Department of Agriculture 
(USDA), the Tennessee Valley Authority 
(TVA), the US Bureau of Reclamation 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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(USBR), and the chemical industry to encour
age the development and registration of safe 
and effective aquatic herbicides. This cooper
ative relationship is still maintained today. 

Since potential existed for many of the tra
ditional aquatic herbicides to lose EPA regis
tration (and the aforementioned lack of new 
registrants entering the market), research ef
forts during this period focused on improving 
the effectiveness of remaining products. The 
premise of this approach was based on the be
lief that if the number of chemical tools was 
going to dramatically decrease, the efficacy 
of the remaining products must be improved 
(without exceeding the tolerances established 
for the active ingredients). 

Research efforts were therefore directed 
toward two areas: improving the application 
of conventional herbicide fonnulations and 
initiating the development of controlled
release (CR) herbicide technology. Both of 
these areas were expanded upon as the sec
ond era of the Chemical Control Team began. 

Period II (1979-1988) 

During this period, work units were estab
lished to (1) detennine herbicide concentra
tion/exposure time relationships for 
controlling submersed plants, (2) character
ize water-exchange patterns in submersed 
plant stands to improve control of these 
plants in flowing-water environments, 
(3) develop CR herbicide fannulations, 
(4) evaluate synthetic plant gIOwth regulators 
(PGRs) for controlling submersed plants, and 
(5) develop an aquatic herbicide use guide 
for operational personnel. 

Concentration/exposure time relationships 
were developed for 2,4·D and endothall 
against milioil, and were initiated for fluridone 
and endothall against hydrilla Results from 
these efforts were used to develop 2,4-D and 
fluridone CR-fonnulations, which were tested 
in the field. Concentration/exposure time infor
mation was also used to improve control of 
submersed plants in flowing water. 

Getsinger 

Improving the control of submersed plants 
in high water-exchange environments (e.g. 
rivers, large reservoirs, canals, tidal areas, 
etc.) became a central focus of the Chemical 
ContIol Team's research efforts at this time. 
Flow velocity and dye studies were con
ducted in the field to characterize water 
movement patterns within stands of milfoil 
and hydrilla. This information was used to 
improve and develop submersed herbicide ap
plication techniques designed for flowing
water systems. 

Also during this period, the first systematic 
testing of PGRs was undenaken to evaluate 
their poteDtial for controlling the growth of sub
mersed aquatic plants. A bioassay system was 
developed under contract, and mesocosm stud
ies were initiated at the US Anny Engineer Wa
terways Experiment Station (WES). 

Perhaps the major accomplishment in this 
era was the publication of a two-volume 
aquatic herbicide use guide, designed to aid 
operational personnel in all aspects of the 
chemical management of aquatic vegetation. 
Volume I of the guide (a desk reference) 
provides information on the use and fate of 
EPA-approved and registered aquatic herbi
cides, while Volume n is a plant identifica
tion and herbicide susceptibility field guide 
for nuisance floating, emersed, and sub
mersed vegetation. 

Most of the work units established during 
Period IT are continuing at the present time. 
An overview and update of these (and addi
tional) work units is provided below. 

Period III (1989-Present):
 
Overview and Update
 

The broad objective of the chemical 
control research area is to improve the man
agement of nuisance aquatic plants using 
herbicides and PGRs in an environmentally 
compatible manner. A major focus of re
search is directed toward improving the con
trol of submersed plants in high water
exchange environments. Accomplishment of 
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these goals requires continued cooperation 
and coordination with the chemical industry 
and with various state and Federal agencies, 
including the EPA Pesticide Registration 
Branch. 

The FY 90 direct-allotted funds for chemi
cal control research were apponioned among 
five work units, described below. 

Herbicide Concentration/Exposure 
Time StudIes (32352) 

Research in this area is designed to evalu
ate EPA-registered, as well as experimental 
use permit (EUP), chemicals for aquatic sites. 
This mesocosm-type work is being conducted 
at the WES under controlled-environment 
conditions. Eurasian watennilfoil and hydrilla 
are treated with various herbicides at selected 
doses and contact times. Results from these 
studies will be used to establish concentration! 
exposure time relationships for each herbi
cide and target plant. Evaluations have been 
completed with the herbicides 2,4-D, endo
thall, and triclopyr. Preliminary evaluations 
have been conducted on milfoil and hydrilla 
with fluridone. Future studies will include 
evaluations of fluridone, bensulfufon methyl, 
diquat, and other appropriate compounds. 

Herbicide Application Technique Devel
opment for Flowing Water (32354). 

In this work unit, submersed application 
techniques are developed and evaluated to 
minimize the amount of chemical used and 
frequency of treatments, while maximizing 
efficacy against specific target plants. Stud
ies are conducted in large, outdoor flumes Of 
in field situations that exhibit high water
exchange characteristics. 

Recent studies have focused on character
izing water movement, and potential herbi
cide contact time, in submersed plant stands 
using tracer dyes. Water movement can dra
matically impact the dispersion of herbicides 
from treated plots, as well as the venical and 
horizontal distributions of herbicides in the 
water column. Results from this work can be 
used by operational personnel to optimize the 
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type and timing of various submersed applica
tion techniques. 

Water movement studies have been con
ducted in milfoil stands in California irriga
tion canals and in the Pend Greille and 
Columbia Rivers of Washington State. Sim
ilar studies have been conducted in hydrilla 
stands in the Potomac River, near Washing
ton, DC, and in the Crystal, St. Johns, and 
Withlacoochee Rivers in Florida. 

Submersed application techniques using 
dyes with liquid, polymer, inven, and granu
lar formulations have been evaluated in 
Lochloosa Lake and Lake Kissimmee, Flor
ida. Much of this work has been conducted 
with the cooperation of the University of 
Florida, as well as various Corps of Engi
neers Districts and state agencies. Future 
water movement and application technique 
studies will be conducted in southeastern and 
western lakes and rivers. 

Herbicide Delivery Systems (32437). 

This work unit explores ways to improve 
herbicide delivery to submersed plants in 
high water-exchange environments. One 
focus of the research is directed toward devel
opment of controlled-release (CR) carrier sys
tems, e.g. polymers, elastomers, gypsum, 
fibers, etc. These carriers release herbicides 
at a slow, predictable rate to the vicinity of 
the target plant. Reliable information on ef
fective herbicide/concentration exposure 
times is critical for the development of CR 
formulations. These required dose/contact 
time relationships are being provided in the 
aforementioned Herbicide Concentration/Ex
posure Time work unit. Future work will in
clude laboratory and field evaluations of 
potential CR formulations. 

In FY 90, dye release rates were evaluated 
using a gypsum CR fonnulation, deployed in 
the Pend Oreille River. In addition, labora
tory studies were initiated at the WES to de
termine 2,4-D. endothall, fluridone, triclopyr. 
and bensulfuron methyl release rates from 
various conventional and CR formulations. 
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Field Evaluation of Selected Herbicides 
for Aquatic Uses (32404) 

The most effective application techniques 
and chemical formulations are evaluated 
under large-scale field conditions in this re
search area. These studies are cooperative 
effons among chemical companies, Federal 
and state agencies, universities, and the WES, 
with the aim of obtaining environmental fate 
and dissipation data on EUP herbicides 
and/or new formulations of registered herbi
cides. These data are used to prepare field 
manuals and reports providing recommenda
tions to operational personnel on the activity, 
use, and application techniques of aquatic 
herbicides. In addition, chemical companies 
use this information to fulfill requirements 
for EPA registration of specific herbicide for
mulations. Coordination with the EPA is re
quired, since these field evaluations can 
involve changes in registration status, site 
use, or amendments of residue tolerances. 

During FY 90, the WES conducted field 
studies to evaluate the efficacy of triclopyr 
(Renovate) on milfoil, a 27.5-percent active 
ingredient endothall granule on milfoil and 
hydrilla, and a liquid fonnulation of bensulfu
ron methyl (Mariner) on milfoil and hydrilla. 
This work was conducted in cooperation with 
the TVA, Atochem North America, Inc. (for
merly Pennwalt), Du Pont, and DowElanco. 
Similar studies will be conducted in FY 91. 

Plant Growth Regulators for Aquatic 
Plant Management (32578) 

Traditional efforts to control nuisance 
aquatic plants usually destroy the standing 
crop, often resulting in widespread plant de
composition and disruption of overall com
munity structure. In addition, total removal 
of plant biomass may result in fluctuations of 
nutrient levels, turbidity, and dissolved oxy
gen, with the concomitant loss of habitat dra
matically impacting food-web relationships. 

Plant growth regulators offer the potential 
for slowing the vertical growth rate of nui
sance submersed plants, thereby reducing the 
negative impacts that topped-out plants can 
impose on a water body. Concurrently, the 
beneficial qualities provided by underwater 
vegetation (e.g. invertebrate and fish habitat, 
waterfowl food, oxygen production. nutrient 
sinks, sediment stabilization, etc.) can be re
tained. The WES is presently evaluating the 
potential for using PGRs to manage sub
mersed vegetation. 

Bioassay testing of POR formulations is 
continuing in cooperation with Purdue Uni
versity and the USDA Aquatic Plant Labora
tory in Fort Lauderdale, FL. The compounds 
bensulfuron methyl and flurprimidol were 
evaluated against milloil and hydrilla in 
FY 90. These and other products will be 
evaluated in mesocosm systems in FY 91. 
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The Improvement of Aquatic Herbicide 
Del ivery Systems 

by 
Michael D, Netherland l 

Introduction 

In the field, liquid herbicides are often ap
plied in flowing water or in large systems to 
control submersed vegetation. These applica
tions often result in the rapid dissipation of 
herbicide from the treatment area. Infonna
tion from dyelherbicide studies (Fox, Haller, 
and Getsinger 1990; Getsinger, Haller, and 
Fox: 1990) and from the concentration/expo
sure'time (CET) work (Green 1989, Nether~ 

land 1990) suggests that a lack of chemical 
contact time may be responsible for the fail
ure of many herbicide treatments. The abil
ity to keep the herbicide within the area of 
treatment for a longer period of time would 
improve efficacy, and possibly would allow 
for the use of less active ingredient in the 
area treated (Le. lower concentrations over 
longer exposure times). 

This relationship between the length of 
time a submersed macrophyte is exposed to a 
given concentration of herbicide and target 
plant injury is supported by the work of weed 
physiologists. These researchers suggest that 
a minimum amount of herbicide must be ab
sorbed into living plant tissues to cause plant 
death. This is also referred to as the critical 
tissue burden (Holly 1976, Ashton and Crafts 
1981, Ross and Lemhi 1985). 

The key for successfully controlling sub
mersed plants with chemicals in high-water 
exchange environments is maintaining an ade
quate herbicide exposure period. It is clear 
that a need exists to develop herbicide formula
tions and/or delivery techniques that will ex
tend chemical contact time to improve control 

of submersed vegetation, This knowledge 
has led some researchers to study the possibil
ity of controlling the release of herbicides in 
water to lengthen contact time (Steward and 
Nelson 1972, Van and Steward 1986). 

One approach to slowly releasing herbi
cides is through a controlled- release (CR) 
matrix. A CR matrix or formulation is de
filled as an active ingredient of a pesticide 
(herbicide, insecticide, plant growth regula
tor, etc.) combined with an inert carrier (e.g. 
polymer, lignin, clay, etc.). Harris, Norris, 
and Post (1973) stated that, in add irian to pro
viding long-tenn control, CR formulations 
(a) minimize pesticide residues available to 
the environment, (b) maintain toxic concen
trations of pesticides in close proximity to 
the target organism, (c) increase the efficacy 
and longevity of the pesticide by protecting it 
from environmental degradation, and (d) de
crease application costs since less frequent 
applications are required. 

Each herbicide has a unique concentration 
and exposure time requirement against a spe
cific target plant. Information that defmes 
CET relationships of herbicides against spe
cific target plants is vital for the successful 
development of CR matrices. One general 
trend that has been consistent throughout the 
CET studies is that as exposure time is in
creased, lower concentrations of herbicide 
are required to achieve plant control. Based 
upon this trend, researchers are of the opin
ion that low herbicide concentrations and in
creased exposure times will allow them to 
focus on a delivery-systems target area to 
achieve plant control (Figure 1). 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS.
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Figure 1. Target area for herbkide delivery systems. 
Note the requirement/or low herbicide concentratWn 

and increased exposure time 

Internal herbicide tissue burden infonnation 
should also be quite valuable for the develop
ment of CR matrices. Research by Haller 
and Sutton (1973), Reinert et aL (1985), Van 
and Steward (1986), and Van and Conant 
(1988) has shown that, with many aquatic 
herbicides, only a small proportion of the her
bicide in the water is taken up by the plant 
(Table 1). These results indicate that plant up
take rates are often quite slow, and extending 
contact time should improve efficacy. 

Table 1 
Internal Tissue Burden 

lnv8stlg ator8 Herbicide 
Target 
Speclee 

HerbicIde 
In Plent 
TIssue 
(Lethel 
Amount) 

Van and Conant 
(1988) 

Endothall Hydrilla ~7% 

Haller and Sulton 
(1973) 

Endolhall Hydrilia -6% 

Van and Steward 
(1986) 

Fluridone Hydrilla -3% 

R9inerl et al. 
(1985) 

Endothall Milloi! -3% 

In addition, promising new CR technolo
gies are emerging in the area of aquatic in
sect control. These technologies could prove 
useful for the chemical control of submersed 
plants. Gypsum- and protein-based products 
have been developed to release the mosquito 
larv icide Altosid (methoprene) for a period 
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of up to 60 days. The ability of these matri
ces to release insecticides in an aquatic envi
ronment over an extended period of time and 
approval for field use of the gypsum com
pound by the US Environmental Protection 
Agency are encouraging. 

A resurgence of environmental concern by 
the public has stimulated a demand for reduc
ing the ~oading of pesticides into the environ
ment. Developing technologies designed to 
deliver herbicides in the most efficient manner 
to target plants offers the potential of using less 
active ingredient to achieve greater efficacy. 
This approach ultimately translates into en
hanced herbicide efficacy, lower treatment 
costs, and better environmental compatibility. 

Objectives 

The objectives of this work unit are to de
velop and evaluate delivery systems that will 
maximize herbicide contact time against sub~ 

mersed macrophytes within a treatment area. 

Research Approach 

Improved herbicide delivery systems will 
be developed and evaluated over the next sev
eral years, with initial efforts focusing on CR 
matrices. The following approach will be 
used to conduct the CR studies: 

•	 Environmentally compatible CR deliv
ery systems will be identified and se
lected for evaluation. Emphasis will 
be placed on matrices that have shown 
the ability to slowly release pesticides 
in an aquatic environment. 

•	 Once identified, matrices will be 
formulated with a variety of aquatic 
herbic ides (e.g., flurid one, trielopyr, 
bensulfuron methyl, 2,4-D, and en
dothall) to test for compatibility be
tween the matrix and the active 
ingredient of the herbicide. 

•	 Successfully fonnulated herbicide matri
ces will be evaluated in the laboratory 
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to determine if controlled release is 
feasible with the matrix being tested. 
Release rates of the newly developed 
CR formulations will be compared with 
release rates of conventional granular 
formulations. 

•	 Information developed from CET and 
internal tissue burden studies will be 
used 10 design release rate profiles for 
individual herbicides against the target 
species. 

•	 Matrices that release herbicides within 
design specifications will be further 
evaluated for efficacy against Eurasian 
watermilfoil and hydrilla in labora
tory, mesocosm, and pond studies. 

Herbicide Release Rate Studies 

Studies are being conducted at the Water
ways Experiment Station to evaluate herbi
cide release rates from conventional and CR 
formulations. Conventional formulations 
tested include granular 2,4-D (Aqua Kleen), 
fluridone (Sonar SRP), and endothall 
(Aquathol). A 27.S-percent active ingredi
ent, granular formulation of endothall was 
also tested. Two CR matrices have been for
mulated for evaluation: gypsum~based and 
protein-colloid matrices containing 2,4-D, 
triclopyr, fluridone, and bensulfuron methyl. 
Measured amounts of active ingredient of 
each formulation were added to 50-L aquaria, 
and residue samples were collected over an 
8-day period. 

The objectives of this initial phase of test
ing are to detennine the compatibility of new 
CR matrices with individual herbicides, and 
to test for the ability of these matrices to 
slowly release active ingredients. Based 
upon laboratory perfonnance, the most prom
ising fannulations will be further developed 
for release-rate testing. 
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Herbicide Concentration/Exposure Time Relationships for 
Eurasian Watermilfoil and Hydrilla 

by
 

Michael D. Netherland l
 

Introduction 

The efficacy of a herbicide application to 
nuisance submersed plants is related to the 
length of time the target species is exposed to 
dissipating concentrations of the herbicide. 
Chemical treatments are often applied to sys
tems in which off-target movement results in 
a rapid dissipation of the herbicide. For ex
ample, the length of time a herbicide will re
main within the treatment area can be 
dictated by physical conditions such as water 
flow (velocity), wind-induced water move
ment, or thermal stratification (Fox, Haller, 
and Getsinger 1990; Getsinger, Haller, and 
Fox 1990). The rate of herbicide dissipation 
can ultimately determine the success or fail
ure of a chemical treatment. 

Development of the functional relationship 
between herbicide concentrations and exposure 
times will provide information that will be use
ful in predicting situations in which a herbicide 
treatment may succeed or fail. 

Concentration/exposure lime (CET) rela
tionships are being developed for each regis
tered aquatic herbicide because of the unique 
properties (e.g., mode of action, rate of appli
cation, environmental half-lives, plant uptake 
rates, plant growth stage, and plant suscepti
bility) of the herbicides with respect to the 
target species. Development of CET relation
ships has included the evaluation of 2,4-0, 
endothall, and triclopyr against the nuisance 
submersed dieot Eurasian watermilfoil 
(Myriophyllum spicatum L.), and endothall 
and fluridone against the nuisance submersed 
monacat hydrilla (Hydrilla verticilJata (L.f.) 
Royle). 

A better understanding of the effect that 
herbicide CET relationships have on efficacy 
may lead to improved formulations or appli
cation techniques in systems where reduced 
contact time presents a problem. The devel
opment of these relationships will also pro
vide guidance for operational personnel in 
making the best use of herbicides in the field. 

Objective 

The objective of this work unit is to iden
tify, in the laboratory, the effective ranges of 
aquatic herbicide concentrations and expo
sure times that control Eurasian watertnilfoil 
(hereafter referred to as milfoil) and hydrilla. 

Materials and Methods 

Independent studies of 2,4-0, endothall, 
and triclopyr versus milfoil and of endothall 
and fluridone versus hydrilla were conducted 
in controlled-environment systems previously 
described by Green (1989) and Netherland 
(1990). Temperature was maintained at 24° 
± 2° C, with a photoperiod of 13L:l1D. 
Mean photosynthetically active radiation, 
measured at the w~ter surface, ranged from 
450 to 580 E x m- x sec-1. Treatments (her
bicide concentration x exposure time) were 
randomly assigned to 55-L aquaria, with 
three replications for each treatment. Each 
aquarium was independently supplied with a 
continuous flow of simulated hard water solu
tion (Smart and Barko 1984), except when 
herbicide exposures were being conducted. 

Four apical shoots (12 to 15 em in length) 
were planted in 300-ml beakers containing 
sediment. Sediment was obtained from 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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Brown's Lake, Waterways Experiment Station, 
and was amended with macro- and micro
nutrients (Rapid Gro) to eliminate possible 
nutrient limitations during the course of the 
study. A thin layer of silica sand was placed 
on top of the sediment to prevent resuspen
sion of sediment. Eleven beakers containing 
the planted apical shoots of the target species 
were then placed in each aquarium. 

Plants were allowed to grow approximately 
3 weeks prior to herbicide treatment. This pre
treatment growth period allowed plants to 
reach the water surface and ensured the devel
opment of a healthy, viable root system. One 
beaker was randomly removed from each 
aquarium prior to herbicide treatment to pro
vide an estimate of treated biomass. 

Calculated concentrations of the herbi
cides were applied to the designated aquaria. 
(The flow-through system was turned off dur
ing the treatment and exposure period.) At 
the end of the assigned exposure times, 
aquaria were drained and refilled three times 
to remove the remaining herbicide residues. 
Water samples were taken immediately after 
treatment (to verify treatment concentrations), 
at the end of the required exposure time (to 
determine herbicide dissipation), and after 
the fmal rinse (to verify residue removal). 

Plants were allowed to grow 4 to 6 weeks 
posttreatment. Plant control was determined 
by comparing the harvested biomass (sepa
rated into shoots and roots) obtained from 
each treatment. Weekly visual evaluations 
were used to characterize the initial response 
and progression of injury symptoms of the 
herbicide-treated plants compared with un
treated reference plants. Visual evaluations 
were also used to determine the time at 
which healthy regrowth began to occur after 
treatment. 

Results and Discussion 

Data obtained from harvested biomass 
were used in conjunction with visual injury 
evaluations to produce relationships that pre
dict herbicide injury based on varying levels 
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of concentrations and exposure times tested. 
CET combinations resulted in varying levels 
of plant injury that increased with increasing 
concentrations and/or exposure times. 

As concentrations and exposure times 
were increased from levels that resulted in 
>95-percem control, plane control increased. 
As evidenced by the graphs presented, CET 
combinations that fall below these levels re
sult in decreasing levels of plant control as 
concentrations and exposure times are de
creased (as shown in Figures 1-4). This 
trend was observed for all herbicides tested 
on the target plants. 

Results of the 2,4-D/milfoil study indi
cated that concentrations of 2.0 mg acid 
equivalent (ae)/L for 36 hr and 1.0 mg aelL 
for 48 hr were required to give >95-percent 
milEoil control (Figure 1). A concentration 
of 0.5 mg aelL for 72 hr (maximum exposure 
time tested) resulted in ~80-percent milfoil 
control. 

E 
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o 
~ 
a: 
l

~ 0.5 
u z 
o o Y u o 12 24 36 48 60 72 84 

EXPOSURE TIME, hr 

Figure 1. 2,4~D concentration and exposure time 
reliJtionshlpsJor control of Eurasian watermiifoiL 

(Circles represent actua12,4-D concentratWnl 
exposure times tested) 

Results of the endothalllmilfoil study 
showed that concentrations of 5.0 mg aelL for 
12 hr, 3.0 mg aelL for 24 hr, 1.0 mg aefL for 
48 hr, and 0.5 mg ae/L for 72 hr were required 
to give >95-percent milioil control (Figure 2). 
Treatments of 1.0, 3.0, and 5.0 mg aelL for 
2 hr were ineffective. Plant injury following 
these treatments was minimal, resulting in 
healthy and rapid regrowth. 
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Figure 2. Endothall concentratUm and exposure time 
relationships for control of Eurasian wmermUjolL 
(Circles represent actual endothaIl concentration! 

exposure times tested) 

Preliminary results of the triclopyrjmilfoil 
study indicate that concentrations of 2.5 mg 
ae(L for 18 hr, 2.0 mg aelL for 24 hr, 1.5 mg 
aefL for 30 hr, 1.0 mg aelL for 36 hr, and 0.5 
mg aelL for 60 hr were required to give >95
percent milfoil control (Figure 3). These pre
liminary results indicate that triclopyr may 
be slightly more effective than 2,4-D (at 
equal treatment rates) in controlling milfoil. 
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Figure 3, Trlclopyr c01lcentratWn and exposure time 
relatio1lships for control of Eurasian watermilfotL 
(Circles represent actual triclopyr concentration/ 

exposure times tested) 

The endothalllhydrilla study required con
centrations of 5.0 mg ae(L for 18 hr, 4.0 mg 
aelL for 24 hr, 3.0 mg aelL for 30 hr, and 
2.0 mg ae/L for 48 hr to achieve 95-percent 
hydrilla control (Figure 4). The 1.0 mg ae/L 
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for 72 hr resulted in ~75 -percent hydrilla 
control. Treatments of 1.0, 3.0, and 5.0 mg 
ae/L for 6 hr, and 1.0,2.0, and 3.0 mg aelL 
for 12 hr showed few signs of visual injury 
and resulted in little biomass reduction (5 to 
20 percent). 

Figure 4, Endothall concentration and exposure time
 
relationships for control of hydrifla. (Circles
 

represent actual endothall concentration!
 
exposure times tested)
 

The fluridonelhydrilla study differed sig
nificantly from the previously mentioned 
studies, in that exposure rimes were mea
sured in days instead of hours and concentra
tions were reduced to micrograms per liter. 
Hall and Westerdahl (1984) reported that up 
to 70 days of continuous exposure to 20 Ilg 
active ingredient (ai) fluridonelliter was re
quired to achieve >95-percent hydrilla control 
(Figure 5). Due to slow uptake rates, the effi
cacy of fluridone ueatments in the field has 
been greatly improved when fluridone expo
sure times (at concentrations of 10 to 25 Ilg 
ai/L) are increased. 

Current fluridone studies are aimed at fur
ther defining the CET combinations required 
for hydrilla control. Preliminary results of re
cently conducted static treatments indicate 
that 25 and 50 Ilg ai/L at 21 days of exposure 
were insufficient in significantly reducing 
hydrilla biomass (Table 1). Treated hydrilla 
was injured and stunted when in contact with 
fluridone; however, upon fluridone removal, 
plants began to regrow vigorously from 
rootcrowns. Results indicate that exposure 

EXPOSURE TIME, hr 
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times of >21 days should be tested to increase 
hydrilla efficacy. 
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Figure 5. Response of hydrilla to two continuous
 
jlurldone concentradons overa 77·day
 

exposure period
 

Table 1 
Flurldone Versus Hydrilla 

Con oe ntratlo 
n, ppb 

Exposure 
Time, Dsya 

%01 
Ref.rence 
Shoot 
Mass al8 
WAT 

% of 
Relerenoe 
Root Mas. 
at 8 WAT 

100 3 
7 

75 
72 

112 
96 

50 7 
14 
21 

65 
63 
60 

96 
92 
81 

25 7 
14 
21 

64 
68 
67 

89 
92 
84 

Nole: WAT = Weeks after treatment. 

It should be noted that exposure times in 
the field will differ from the static exposures 
conducted in the laboratory; that is, plants in 
the field will be exposed to a dissipating con
centration of herbicide over time. In addition, 
the ability of field plants to produce large 
rootcrowns may make them more tolerant to 
herbicide treatments than laboratory-grown 
plants. Therefore, the direct application of 
laboratory results to field situations should 
be viewed with some degree of caution. 

Information obtained from CET studies is 
most useful when coupled with an accurate 
ability to predict herbicide dissipation in the 

field. The use of a dye study to determine 
potential herbicide dissipation or half-lives 
presents a new, relatively inexpensive method 
to predict potential contact time (Fox, Haller, 
and Getsinger 1990; Getsinger, Haller, and Fox 
1990). 

Based upon the potential contact time, 
CET relationships could be used to provide 
guidance for the most effective use of a com
pound and rate of application in hydrody
namic systems. The choice of the correct 
herbicide and application rate is important 
for both economic and environmental reasons. 

Future work will include the completion 
of the triclopyr/milfoil studies. The bensulfu
ron methyl and fluridone studies on hydrilla 
and milfoil will be initiated. 
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Herbicide Application Technique Development
 
for Flowing Water: Relationship of Water
 

Exchange and Submersed
 
Application Methods
 

by
 

Kurt D. Gelsinger,l Charles Hanlon? Joseph C. Joyce,2
 

Alison M. Fox? an.d Wi//iam T. HaUer 2
 

Introduction	 using Rhodamine WT in dioecious hydrilla 
stands in Lake Kissimmee, Florida. 

Research in this work area focuses on the 
development and evaluation of conventional Potomac River Study 
and innovative application techniques for 
conuolling submersed plants in high-water Materials and methods 
exchange environments. Since 1988, investi
gators from the Waterways Experiment Sta In September 1989, Rhodamine WT was 
tion and the University of Florida Center for applied to three river plots near the Woodrow 
Aquatic Plants have been studying water ex Wilson Bridge (Interstate Highway 95) and 
change patterns in submersed plant stands in to a founh plot located within the marina 
reservoirs, lakes, rivers, and canals using flu cove at Bolling Air Force Base (BAFB) on 
orescent dye (Fox, Haller, and Getsinger the Potomac River (Figure 1). Plots directly 
1988,1989, 1990; Getsinger, Green, and north and south of the bridge were 4 ha (10 
Westerdahl1990; Getsinger, Haller, and Fox acres); the cove plot, south of the bridge, was 
1990). The objectives of this work are to 0.8 ha (2 acres). The BAFB marina plot, 
(a) characterize flow velocities and water ex north of the bridge, was 1.2 ha (3 acres). 
change in submersed plant stands under field 
conditions and (b) evaluate application tech Dye was mixed with 470 L of water per 
niques that maximize herbicide contact time hectare (50 gaVacre) and applied as a tank mix 
in flowing-water environments. (to achieve a dye concentration of 10 IlgIL 

throughout the plot) using shon hoses 
This paper presents preliminary results of mounted to the stem of an airboat. Hydrilla 

three studies designed to evaluate submersed fanned a continuous mat across the surface 
application techniques and potential herbi at low tide in, and around, all of the river 
cide contact time. Results of the fust study plots; however, little hydrilla was present in 
describe the retention time of the fluorescent the BAFB marina plot. 
dye Rhodamine WT in monoecious hydrilla 
stands in tidal coves and flats in the Potomac Nine dye sampling stations were estab
River near Washington, DC. Results of the lished in the north and south river plots, and 
second study describe the retention time of 16 additional stations were established at 
Rhodamine wr in Eurasian watermilfoil 30 and 100 m outside the treatment area 
stands in the Pend Oreille and Columbia Riv (Figure 2). Six stations were established in 
ers, Washington. In the third study, four sub the cove plot, and eight in the BAFB marina 
mersed application techniques are compared plot (Figure 3). Dye concentration and water 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
2 University of Florida Center for Aqualic Plants, Gainesville, FL. 
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Potomac River near Washington, DC
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Figure 2. Location ofdye sampling sfatWns 
for north and south river plots 

temperature were measured simultaneously 
at each station, during high tide at 0.25-m 
intervals from the river bottom to the surface. 
Dye was monitored using a Turner Design 
model 10-005 field fluorometer fitted with a 
high-volume, continuous-flow cuvette system; 
water temperature was monitored using a 
thennocoupIe thermometer. 

The north and south plots were monitored 
for 67 hr posttreatment, while the cove and 
BAFB marina plots were monitored for 44 hI 
posttreatment. Dye half-lives were calculated 
by regressing the natural logarithms of the 
dye concentrations (averaged from all stations 
within the plot) over a minimum of four 
sampling times. 
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Figure 3. Locarwn of dye sampling stations 
for cove river and marina plots 

Results 

Water temperature differences between 
bottom and surface waters were similar in all 
plots. These differences ranged from 00 to 
2.1 0 C; however, there was generally less 
than 0.5 0 C difference between surface and 
bottom zones (Table 1). Although there were 
differences between plots, all plots tended to 
have a relatively shon dye half-life: 7.2 hr 
(minimum) and 11.4 hr (maximum). Half
lives of this duration could present problems 
in providing sufficient hydrilla control using 
conventional aquatic herbicide formulations 
and application techniques. 
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Table 1 
Average Temperature Readings (OC) In the 
Potomac River North Plot, September 1989 

Hours Aher Tteelment 

30 8718 424 

Time of Sampling 

Stallon 1730 0700 1830 0700 0800 

Sur/ace 2£.2 25.2 25.7 25.1 24.1 

Bottom 1 25.9 24.8 25.3 24.8 23.8 

1 Ae'adings laken 0.25 m above Ihe river bottom. 

wNorth river plot. The north river plot av 
eraged 1.5 m in depth and had a dye half-life 
of 7.2 hr (Figure 4). Initial data showed that 
dye was not uniformly distributed within the 
treatment area; thus, the nine sampling stations 
were divided into three groups for further anal
ysis. Stations 1 through 3 represented the west 
side of the plot; stations 4 through 6, the cen
ter; and stations 7 through 9, the east side. 

Four hours after treatment, dye concentra
tions averaged 5.7 and 13.7 ~gJL at the center 
and eastern stations, respectively; however, 
no dye was found at stations 1-3. During this 
time, dye concentrations in the plot generally 
ranged from 6 to 15 ~g/L at the surface and 
were <6 ~g/L near the bottom. Dye dissipated 
from the plot in a westerly direction via the 
weed-free surface waters at high tide, with ini
tial dye loss being greatest along the southwest
ern portion of the pIal. Here, swface dye 
concentration at station 15 (30 m from the 
southwest comer of the plot) was 9.5 ~g!L. 

After 17 hr, dye was not detected at stations 
1,2, 3,5, or 6, and was not present at any sur
face station within the plot. The greatest con
centration of dye, 5.4 IlgIL, was found near 
the bottom at station 7; however, the average 
dye concentration for the entire water column 
at station 7 was only 1.75 Ilg/L. The largest 
average dye concentrations outside the plot 
occurred at stations 12 (1.4 j.1g1L) and 23 
(1.3 j.1g!L), 30 and 100 m east and southeast 
of the plot, respectively. At 42 hr posttreat
ment, most of the dye had dissipated from 
the plot; by 67 hr posttreatment, dye was gen
erally nondetectable within the plot (Table 2). 

Table 2
 
Average Dye ConcentratIons (lJ.g/l)
 
In the North Plot of the Potomac RIver,
 
September 1989
 

Statlone 
After 
Hour. 

Piol 
Ttl.tmt Avera 
nt ge4-6OeDlh 1·3 7·9 

4 Surface 1 8.20 16.1 
Bottom2 3.70 10.1 
Column allg. 0 5.7 13.7 6.6 

0 0 
Bottom 
Surface 017 

0 0.45 3.3 
Column avg. 0.18 1.14 0.430 

30 Surface 0.03 0.16 
Bottom 

0 
0 1.2 

Column 811g. 
0.22 

0 0.13 0.53 0.23 

0 0 
Boltom 

42 Surface 0 
0,36 

Column avg. 
0.05 0.13 
0,02 0.05 0.080.17 

0Surface 067 0 
BoHom 0.020 0.08 
Column avg. 0.010 0.03 0.01 

1 Average of readIngs taken althe surface and 0.25 m 
below. 

2 Average of readings taken al 0.25 and 0.5 m above 
the river bottom. 

South river plot. The south plot averaged 
1.4 m in depth and had a dye half-life of 11.4 
hr (Figure 4). Initial data showed that dye was 
not uniformly distributed within the plot 
(Table 3). Dye concentrations were always 
greatest along the west side of the plot (as op
posed to the east side of the north plot). 
Since dye concentrations within the plot were 
stratified from east to west, stations 1-9 were 
divided into the three groupings previously 
mentioned. 

Four hours after treatment, the average dye 
concentration in the south plot was 6.2 Jlg/L. 
The dye dissipated from the plot in a westerly 
to southwesterly direction. Stations 1-3 had 
the highest dye concentration (10.3 /-lg!L), fol
lowed by the three center and eastern stations, 
with concentrations of 6.6 and 1.61lglL, re
spectively. As noted in the north plot, dye 
dissipated from the plot in the upper 0.5 m of 
the water column. The highest average con
centrations found outside the plot were at 
stations 16 (11.5 ~g!L) and 15 (3.6 IlgfL). 
These plots had surface concentrations of 22.4 
and 9.5 /-lgfL, respectively. 
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Table 3
 
Average Dye Concentrations (llg/L)
 
In the South Plot of the Potomac River,
 
September 1969
 

Houri SI8tlon8 
Aher Plot 
Tre8tm Aversg 
ent e1-3 4-6 7-9Depth 

12.54 4.5 0.28 
Bottom2 
Surface1 

9.4 3.27.1 
10.3 6.2Column avg. 6.6 1.6 

0.03 0Surface 0.1117 
6.7 1.45Bottom 9.1 

3.8Column avg. 2.53 0.56 2.3 

0.0630 0.04 0Surlaca 
0,23Bottom 5.6 2.1 

2.1Column avg. 0.74 0.1 0.96 

42 0 0Surface 0 
2.9Boltom 1.4 0048 

0.55Column avg. 1.0 0.170.48 

067 0 0Surface 
0.060.65BOUom 0.25 
0.02 0.12Column avg. 0.24 0.1 

1 Average of readings laken at the surface and 0.25 m 
below. 

2 Average of readings taken at 0.25 and 0.5 m above 
the river bottom. 

Table 4 
Average Dye Concentrations (~g/L) 

In the Cove Plot and the Boiling Air Force 
Marina, Potomac River, September 1989 

Plot Station 

Houri After Treatment 

4 20 33 44 

Cove Surface 
Bottom 
Plot Avg. 

0.70 
0.61 
0.62 

0.40 
0.68 
0.48 

0 
0.1 
0.05 

0 
0.1 
0.03 

Boiling 
AFB 
Marina 

Surface 
Bottom 
Plot Avg. 

4.9 
5.6 
5.2 

1.6 
2.9 
2.3 

0.76 
0.38 
0.59 

0.29 
0.31 
0.29 

Most of the dye had dissipated from the 
east side of the plot by 17 hr posttreatment, 
with remaining dye found near the bottom. 
The average concentration in the west side of 
the plot was six times greater than that found 
in the east side, as dye continued to exit the 
plot.in a westerly to southwesterly direction. 
Dye concentrations averaged 2.5 1lg!L at sta
tion 15 and 1.6 1lg!L at stations 16 and 26. 
The maximum dye concentrations measured at 
these stations (station 15 = 7.5 jlgIL; station 16 
'= 6.3 IlgIL; station 26 =4.8 JlgtL) occurred 
near the bottom in the dense hydrilla mat. 

The average dye concentration of the 
south plot after 42 hr was only 0.55 ~g/L. 

After 67 hr, all stations had dye concentra
tions of <1 J.lg/L, and any remaining dye was 
found near the bottom (Table 3). 

Cove river plot. The cove plot averaged 
1.3 m in depth, and the dye half-life within 
the plot was 8.2 hr (Figure 4). Initial data, re
corded 4 hr posnreatment, showed that dye 
concentrations were much lower in this plot 
compared with the other river plots (Table 4). 

Dye concentrations ranged from a maximum 
of 1.5 ~g/L at station 2 to a minimum of 0.1 
Jlg/L at station 6. Dissipation of the dye was 
slow during the fust 20 hr posttreatment; yet, 
by the second day (33 hr), almost all the dye 
had moved out of the pIaL Only trace 
amounts of dye were measured at either the 
33- or 44-hr sampling period, and remaining 
dye was located near the bottom. 

BAFB marina plot. The BAFB marina 
plot averaged 2.8 m in depth and had a dye 
half-life of 9.4 hr (Figure 4). Initial dye 
distribution was more uniform in this plot 
compared with the river plots. At 4 hr post
treatment, this plot had an average dye con
centration of 5.2 ~gJL (Table 4). There was 
little variance between stations in this plot, 
and levels ranged from a low of 4.6 IlgIL at 
station 1 to a high of 6.1 1lg!L at stations 4 
and 6. At the 20- and 33-hr sampling peri
ods, dye concentrations tended to be greatest 
at stations 1A (i.e., stations farthest from the 
marina/river interface). During the 4- and 
20-hr sampling period, dye concentrations 
were greatest near the bottom, averaging 5.6 
and 2.9 Jlg/L, respectively. 

After 33 hr, dye concentrations at stations 
5-8 were fairly uniform, top to bottom, with 
all values being <0.5 ~gIL. In the more pro
tected northeast area of the plot (stations 1-4), 
dye concenuations were greatest near the sur
face, where values were ~1.2 Ilg/L. By 44 hr 
posttreatment, a uniform, vertical distribution 
occurred throughout the plot, with average 
surface and bottom dye concentrations equal
ing 0.29 and 0.31 IlgfL. respectively. 
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Pend Orellle and Columbia
 
Rivers Study
 

Materials and methods 

In August 1990, Rhodamine WT was ap
plied to three lO-acre plots on the Pend Or~ 

eille and Columbia Rivers (Figure 5). These 
plots were dominated by dense stands of Eur
asian watermilfoil. One Pend Oreille River 
treatment site (Plot PR-61, mean depth 1.7 m) 
was located approximately 0.5 km upstream 
from river mile 61, between the western shore 
of the river and the island directly to the east. 
The second Pend Oreille treatment site (Plot 
PR-LCB, mean depth 1.8 m) was situated 
within Lost Creek Bay, approximately OJ km 
downstream and northwest of river mile 48. 

I. "~-"':"".l: .•'{.~ ~:.~./~~:.. ~l.\''':'''", :=...... 

PLOT PR-61
 

81¥W5T~pt~
il"'~J0~;'W»)'~ 

PEND OREIUE RNER ~ 
~·:··:,,-·-<~~·) ... :.·..:t.,-,;;·:.··-,"···: -'j.~ :~" •.: 

_-""'M";"""-'~ 

PLOT-PR-LCB
 

c?" 

COWIIBIA fWER 
~ 

PLOT-CR-OP 
LEGEND 

!ZZI SUBMERSED PLN>lT STN>lDS 

Figure 5. Dye plots on Pend OreiJie 
and Columb/4 Rivers 

Chemical Control 

The Columbia River treatment (Plot CR-DP, 
mean depth 1.5 m) was located 20 km up
stream from the Rocky Reach Dam, approxi
mately 0.5 km downstream from the southern 
boundary of Daroga Park, near the eastern 
shore of the river. The dye was tank mixed 
with river water and applied to achieve a con
centration of 10 ~gIL dye throughout the 
plots, using short hoses mounted on the stem 
of an airboat. 

Five sampling stations were established in 
each plot, and dye concentrations and water 
temperature were measured simultaneously 
using a fluorometer and thermometer as de
scribed above. Dye was monitored at 0.25-m 
intervals from the surface to the bottom at 
each station for 12 hr posttreatment in Plot 
PR-61, 120 hI posttreatment in Plot PR-LCB, 

and 30 hr posttreatment in Plot CR-DP. 
Dye half-lives were calculated as de
scribed above. 

Results 

Pend Oreille River plots PR·61 
and PR-LCB. As expected, dye dissi
pated at an accelerated rate from the riv
erine plot (PR-61) and at a slow rate 
from the protected cove plot (PR-LeB). 
The dye half-life in Plot PR-61 was cal
culated at 7.8 hr, whereas the dye half
life in Plot PR-LCB was calculated at 
38.8 hr (Figure 6). These half-lives 
suggest the potential for successful plant 
control in PR-LCB, but insufficient 
plant control in Plot PR-61, using con
ventional aquatic herbicide formulations 
and application techniques. 

Columbia River plot CR~DP. As 
dye was being applied to Plot CR-DP, 
the water discharge rate from Rocky 
Reach Dam (approximately 22 km 
downstream from the plot) was being in
creased due to peak demand for electrical 
power generation. This resulted in a 
rapid dissipation of dye from the eastern 
side of the plot, which was adjacent to a 
deep (>3 m) weed-free channel. Conse
quently, the calculated dye half-life for 
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Figure 6. Dye concentrations tn Pend OreiUe and Columbia riyer plots 

Plot CR-DP was 12.4 hr (Figure 6), suggesting 
the potential for inadequate herbicide contact 
time and insufficient plant controL However, 
when dye dissipation from the plot was 
determined using data from stations that 
were not severely impacted by the draw
down, the calculated half-life was 35 hr 
(regression not shown), suggesting ade
quate herbicide contact time and efficacy. 
These results emphasize the importance of 
coordinating drawdown schedules with 
submersed herbicide applications. 

Lake Kissimmee Study 

Materials and methods 

Submersed application technique eval
uations were conducted in dense stands 
of dioecious hydrilla in Lake Kissimmee 
during the second week of May 1990. 
Twelve OA-ha (I-acre) plots were estab
lished in three sites at the northern end of 
the lake in water approximately 2 m deep 
(Figure 7). The hydrilla stands were in a 
surface-matted condition, and stratified 
water temperatures existed in the stands. 
Four application techniques (three repli
cates each) were evaluated using Rhoda
mine WT (Table 5). The techniques 

used for preparation and application of dye 
formulations, and for measurement of dye con
centrations, were as described in Getsinger, 
Haller, and Fox (1990). 

SHOREUNE 

~HYDRILlA 
~ STANDS 

SCALE 
o 2.5 5km 1 

J 

Figure 7. General location of dye plots on lAke Kissimmee,
 
Florida, May 1990
 

Getsinger at al. WES MP A-91-3, June 1991 216 



Table 5 
Submersed Appllcatfon Techniques 
Evaluated at Lake KissImmee, May 1990 

Plot Number Application Technique 

3,5,9 Liquid 

2,8,12 Polymer 

1,7,11 Invert + copper 

4,6,10 Granule 

Results 

Changes in percent distribution of dye in 
the water column following application with 
the various techniques are shown in Table 6. 

Table 6 
Percent Dye In Top and Bottom Halves 
of the Water Column In Plots Treated 
with Various Application Techniques, 
Lake Kissimmee 

Percenl Dye Hout8 Post
treatment Technique Top Bottom 

2 Liquid 
Polymer 
Invert t copper 
Granule 

95 
95 
77 
77 

5 
5 

23 
23 

a Liquid 
Polymer 
Invert + copper 
Granule 

96 
96 
62 
77 

4 
4 

18 
23 

24 liquid 
Polymer 
Invert + copper 
Granule 

63 
61 
28 
48 

37 
19 
72 
52 

In general, the granules provided the most 
evenly distributed dye concentrations through
out the water column during the study, while 
the polymer and liquid applications provided 
the poorest dye distribution. Posttreatment 
dye distribution was similar when using liq
uid and polymer techniques. At 2 and 8 hr 
posttreatment, most of the dye in these plots 
remained near the surface, with little distribu
tion to the bottom half of the water column. 
Water column distribution was somewhat 
better in the liquid versus the polymer treat
ments by 24 hr posttreatment. The invert 
plus copper and the granule treatments 

Chemical Control 

showed similar water column distributions at 
2 and 8 hr after application; however, the in
vert application provided a greater bottom 
distribution of remaining dye at 24 hr post
treatment. 

Future Work 

Studies planned for FY 91 will continue to 
focus on evaluation of submersed application 
techniques using dyes and herbicides. Com
panion studies will determine the relation
ships between the dissipation of Rhodamine 
WT and aquatic herbicides in submersed 
plant stands. 
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Field Evaluation of Selected Herbicides 

by 

Kurt D. Getsinger! 

Introduction 

The research goals of this work unit are to 
evaluate the effectiveness of recently regis
tered and experimental use permit (BUP) 
aquatic herbicide fonnulations in the field. 
Generally, these studies are cooperative ef
forts among industry, Federal and state agen
cies, universities, and the US Anny Engineer 
Waterways Experiment Station (WES). Data 
generated in these large-scale studies can be 
used by chemical companies to fulfill require
ments for US Environmental Protection 
Agency (EPA) registration (or reregistration) 
of specific herbicide formulations. 

In fiscal year (FY) 90, herbicide field stud
ies included evaluation of a new, more con
centrated endothall granule, and continuation 
of the bensulfuron methyl EUP study. Up
dates of these studies are presented below. 

Field Evaluation of 27.5M Percent 
Endothall Granules 

Several years ago, Atochem North America, 
Inc. (formerly Pennwalt), developed a new 
dipotassium salt endothall granule with an 
active ingredient (ai) content of 27.5 percent. 
This new loading process results in an approx
imate 60-percent reduction in the amount of 
formulation required for submersed aquatic 
plant control, when compared to the standard 
IO.I-percent ai endothall granular fOnTmla
tion, known as Aquathol. For example, if a 
situation dictated that 100 lb (40 kg) of the 
standard Aquathol formulation were required 
to achieve a given concentration of endothall 
in the water, only 38 lb (25 kg) of the new 
27.S-percent ai formulation would be needed 

to achieve an identical water concentration of 
endothall. 

In addition to reduction of material re
quired for treatment (which is an important 
consideration for applicators), this new prod
uct has been formulated to minimize dust 
problems associated with conventional granu
lar applications. 

In June 1990, several lO-acre plots were es
tablished in Guntersville Reservoir, Alabama, 
to evaluate the efficacy of the 27.S-percent ai 
endothall granules on Eurasian watennilfoil 
and hydri1la. These studies were conducted 
in cooperation with the TVA and Atochem. 
Unfortunately, the Guntersville area experi
enced prolonged periods of abnormal 
weather during the study. Rains throughout 
the watershed resulted in deep, turbid water 
conditions that interfered with scheduled 
efficacy evaluations. Hence, results of the 
endothall treatments were inconclusive. 

These field trials will be repeated in FY 91 
and will include collection of herbicide dissipa
tion data to be used in support of EPA registra
tion of the 27 .S-percent endothall formulation. 

Cooperative Mariner (Bensulfuron 
Methyl) EUP Studies 

The data-collection phase of an intensive 
three-site BUP study designed to determine 
the fate and dissipation of Du Pont's aquatic 
herbicide bensulfuron methyl (trade name, 
Mariner) was completed in 1989. The Uni
versity of Florida's Center for Aquatic Plants 
conducted closed-pond dissipation and accu
mulation studies near Welaka, FL, while the 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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US Bureau of Reclamation and the WES con
ducted field dissipation studies in Banks 
Lake, Washington, and Lake Seminole, Geor
gia, respectively. Field study cooperators 
also included the US Army Engineer District, 
Mobile; Aquatics Unlimited; the Georgia De
partment of Natural Resources; and the Wash
ington Department of Ecology. 

Concurrent laboratory and field efficacy 
studies of bensulfuron methyl against Eura
sian watermilfoil and hydrilla are being con
ducted by the USDA in Davis, CA, and Fort 
Lauderdale, FL; by the University of Florida 
in Gainesville and Welaka, FL; by the TVA 
and WES in Guntersville Reservoir; and by 
the WES in Vicksburg, MS. 

Extensive herbicide residue analyses (in
cluding water, sediment, fish, crayfish, and 

clams) are being conducted by Morse Labora
tories, Inc., of Sacramento, CA. Final re
ports are scheduled for completion in FY 91. 
Information from these reports will be used 
by Du Pont to support the EPA aquatic regis~ 

tration of bensulfuron methyl. 

Future Work 

Future field studies will concentrate on effi
cacy and dissipation of bensulfuron methyl, 
triclopyr, fluridone, and endothall. Large-scale 
tric10pyr trials, based on results from studies 
conducted in the Herbicide Concentration! 
Exposure Time work urnt, are planned for 
Guntersville Reservoir in FY 91 and for the 
Pend Oreille River, Washington, in FY 92. 
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Plant Growth Regulators
 
for Aquatic Plant Management
 

by
 

Linda S. Nelson, l Thai K. Van?
 
Carole A. Lembi,3 Tara Chani
 

Introduction	 Most recently, efforts have focused on the 
following: 

Chemical control strategies to manage nui
sance aquatic plants emphasize the use of • Determining efficacy and duration of 
nonselective aquatic herbicides. This type of exposure for stem length reduction in 
herbicide use severely reduces or eliminates hydrilla and Eurasian watermilfoil 
most of the plants in the area of treatment. using flurprimidol, a gibberellin syn
New technologies, such as the use of plant thesis inhibitor. 
growth regulators (PORs), may provide an al
ternate management option in the near future, • Determining longevity of the gibberel
that of suppressing or inhibiting plant growth lin synthesis inhibitor flurprimidol, in 
rather than removing it. soil, plant tissue, and water. 

Plant growth regulators are synthetic com
• Screening other compounds for potenpounds that, when applied to plants, alter or 

tial growth regulating effects on interfere with various growth processes, such 
hydrilla and Eurasian watermilfoil, as reduced stem elongation through inhibi
using a previously developed laboration of the plant hormone gibberellin. Per
tory bioassay method. haps PORs can eliminate plant "weediness"
 

by keeping vegetation shon while still allow

ing them to remain as a functional part of the Studies at the USDA Aquatic Plant Manage

aquatic ecosystem. ment Laboratory and at the WES were both
 

directed at further evaluation of bensulfuron 
The overall objective of this work unit is to methyl on hydrilla and Ewasian watennilioil. 

evaluate PGR activity on nuisance aquatic Bensulfuron methyl is currently registered by 
plant species and to determine the feasibility of Du Pont as a herbicide (Londax.) for use in rice 
utilizing PORs as a management strategy. Re production and shows potential as a herbicide 
search is currently being conducted by Purdue and growth regulator (when used at lower 
University, the USDA Aquatic Plant Manage rates) for management of submersed aquatic 
ment Laboratory, and the US Anny Engineer plants. Of all the potential growth-regulating 
Waterways Experiment Station (WES). products evaluated thus far, bensulfuron methyl 

is nearest to receiving aquatic registration. 
Studies at Purdue University were the first 

to be initiated to identify the feasibility of The following sections provide updates on 
using PORs for aquatic plant management. each of the research efforts described above. 

1 US Army Engineer Waterways Ex.periment StatioD, Vicksburg, MS.
 
2 US Department of AgricuItwe Aquatic Plant Management Laboratory. Fort Lauderdale. FL.
 
3 Purdue University, West Lafayette. IN.
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Bioassay of Plant Growth Regulator
 
Activity on Aquatic Weeds
 

(Purdue University)
 

MaterIals and methods 

Outdoor tank studies. Studies were con
ducted in metal or plastic barrels (67-L capac· 
ity), with plastic liners. Fertilized loam soil 
(free from PGRs, herbicides, and pesticides) 
was added to a 10-em depth in each barrel. 
Approximately 55 L of well water was added, 
and the suspended soil was allowed to settle. 
Healthy Eurasian watermilfoil plants were 

collected from a nearby pond and rinsed free 
of epiphytes and dirt. Two I5-cm apical 
stem sections (with intact growing point) 
were planted in each barrel. The plants were 
allowed to acclimate to the barrels for 5 days. 

Treatments were applied on 1 June 1990 
and consisted of 0, 75, and 200 j..I.gIL ai (ac
tive ingredient) flurprimidoL Each treatment 
was replicated twice. Treated plants were ex
posed for 2 and 24 hr and 3, 7,14, and 28 days. 
At the end of each exposure period, the water 
in the barrel was removed and replaced with 
fresh, untreated water. Plants were allowed 
to recover for 4 weeks posttreatment. At that 
time, the following measurements were 
taken: main stem length, number and length 
of lateral branches, and shoot and root fresh 
and dry weights. 

Water, sediment, and plant tissue samples 
were also collected at each time interval 
(prior to replacing the treated water) for later 
gas chromatograph and mass spectrophotome
ter (Ge{MS) testing for flurprimidol residues. 

A similar barrel experiment was established 
for hydrilla. Hydrilla plants were grown in the 
laboratory under controlled conditions prior to 
planting. Treatments consisted of 0, 75, and 
750 j..I.g/L ai flurprimidol and were begun on 
31 July 1990. The plants were exposed to 
flurprimidol for 1,2, and 24 hr and 3 days. 

At the end of each exposure period, water 
in the barrel was removed and replaced with 

fresh, untreated water. Plants were allowed to 
recover for 5 weeks posttreatment. At that 
time, the following measurements were taken: 
main stem length, stolon number and length, 
number and length of lateral branches, and 
fresh and dry weight. No samples were taken 
for fluryrimidol analysis from this experiment. 

Laboratory bioassays. Bioassay tech
niques used were those described previously 
by Lemhi and Netherland (1989). All com
pounds tested were from formulated product 
and included the herbicides bensulfuron 
methyl, imazapyr, imazaquin, and imazethapyr 
and the growth regulator amidochlor (Limit). 

Two types of experiments were conducted 
with bensulfuron methyl: long-term exposure 
and duration of exposure. For long-term 
exposure, Eurasian watermilfoil was exposed 
to 0, 0.6, 6.0, and 60 1J,g!L ai for 4, 6, and 8 
weeks. A concentrated source of inorganic 
nutrients was added at intervals to ensure 
that the plants had sufficient nutrients for 
growth during the long-term exposures. 

For duration of exposure, Eurasian 
watermilfoil was exposed to 60 j..I.g/L ai 
bensulfuron methyl for 2, 12, and 24 hr and 
3,7, 14, and 28 days. At the end of each of 
these exposure periods, the plants were re
moved from the treatment, rinsed thoroughly, 
and placed in fresh, untreated medium for a 
4-week recovery period. 

Imazapyr, imazaquiD, imazethapyr, and 
amidochlor were tested for growth effects on 
hydrilla and Eurasian watennilfoil at differ
ent concentrations. For hydrilla, concentra
tions of imazapyr were 0, 1,5,7.5, 10, and 
25 j..I.g/L ai; concentrations of imazaquin and 
imazethapyr were 0,5,10,25,50, and 100 ~gfL 

ai. Concentrations of amidochlor were 0, 10, 
50, 100, 500, and 1,000 IJ,g/L ai. For Eura
sian watermilfoil, concentrations tested were 
0,5, 10,50, 100, and 500 j..I.g/L ai for imazapyr 
and imazaquin; 0, 10,50, 100,500 and 1,000 
~g/L ai for imazethapyr; and 0,50, 100,250, 
500, and 1,000 ~g/L ai for amidochlor. 
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Prior to these treatments, the range of con
centrations was chosen by prescreening each 
species and compound at 0, 1, 10, 100, and 
1,000 IlgIL ai. Treatments were for 4 weeks 
and were replicated three times. Measure
ments were taken on main stem length, lat
eral stem length and number, root length and 
number, photosynthesis rate, respiration rate, 
and fresh and dry weight. 

Results 

Outdoor tank studies with flurprimidol 
Bnd Eurasian watermilfoil. Excellent re
sults were obtained at 200 1lg!L flurprimidol 
with 31 percent reduction in main stem 
length observed after a 2-hr exposure. The 
plants at this concentration, and at all expo
sure times, were significantly reduced in 
main stem length (at the 0.05-percent level) 
(Figure I). These plants appeared bushy and 
very healthy. The total length (calculated by 
adding all main stem and lateral stem lengths), 
root and shoot fresh weights, and dry weights 
were also reduced at each exposure time at 
200 j..lg/L. The number of lateral stems that 
emerged was somewhat inconsistent, but it 
appeared that there was not much difference 
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At 75 IlgfL flurprimidol, significant reduc
tion in main stem length (Figure 1) and plant 
weights was not noted until the plants had 
been exposed for 2 weeks. 

Outdoor tank studies with fIurprimidol 
and hydrilla. Main stem lengths were signif
icantly reduced at both concentrations (75 
and 750 j..lg/L) at all time intervals (Figure 2). 
In general, the treated plants were lying 
prostrate on the sediment surface, whereas 
the untreated plants were upright. This was 
demonstrated by comparing the number of 
stolons (lateral shoots lying horizontally on 
the sediment). 

At 1- and 2-hr exposures, the number of 
stolons produced by plants treated with 750 IlgfL 
was significantly greater than the number 
produced by plants at either 0 or 75 Ilg/L. 
After 24-hr and 3-day exposure times, plants 
treated at both 75 and 750 ~g/L had signifi
cantly more stolons than did untreated plants. 
For example, at 3 days, the untreated plants 
had an average of one stolon, whereas plants 

treated with 75 and 750 Jlg/L had 
2.5 and 5 stolons, respectively. 

Although the morphology of 
the treated plants was quite differ
ent from the untreated plants, 

• Oppb fresh and dry weights were notm 75ppb 
significantly different from those 
of untreated plants. Analyses 
(Ge/MS) of flurprimidol resi
dues in plant, sediment. and 
water samples are currently 
being conducted. 

• 200ppb 

Laboratory bioassays. With 
long-term exposures of bensul
furon methyl, the main stem 
length of Eurasian watermilfoil 
was reduced by 15 percent after a 

Figure 1. Average ~ln stem length ofEurasian watermilfoil 4-week exposure to 6 j..lgfL and by 
4 weeks aftu exposure to flurprlmidoljor various periods 42 percent at 60 1lg!L, compared 

of time. DaJa QMlyzed by ANOVA and Studenl to untreated controls. No effects 
Newman-Keuls multipk range test were observed at 0.6 j..lg/L. At 
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main stem lengths reduced in the 
treated plants. Another effect 
was a bushy appearance due to • 25 ~ 
lateral stem proliferation. It ap
peared that the main stem apical • 0 l:"b 

III 75 ppb tip turned pale and died, and that 
• 750 flPb this stimulated the production of 

numerous lateral buds and shoots. 

Results from the dose-response 
experiments suggest that the her
bicides imazapyr, imazaquio, and 
imazethapyr have a greater poten
tial to regulate the growth of Eur
asian watennilfoil than of hydrilla1 hr. 2 hr. 1 day 3 day 

exposure Time (Table 1). For example. im
azapyr was toxic to hydrilla (as 
indicated by reduction in photo

Figure 2. Average main stem length ofhydrl/1lJ 5 weeks after synthetic rate) at the same con
exposure to jlurprlmidol for various periods oftJnu. Data analyzed centration (25 J-tg/L) that it fIrst 

by ANOVA and Student-Newman-Keuls multiple range test 
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6 weeks, main stem lengths at 6 and 60 Ilg/L 
were 20 and 52 percent shaner, respectively, 
than untreated controls. A bushy growth 
fonn with many abnormal lateral branches 
was observed at 60 jlg/L. Photosynthetic 
rates, however, were not significantly differ
ent from those of the untreated controL 

At 8 weeks, main stem reduction 
was still observed with 33 percent re
duction at 6 Ilg/L and 66 percent re
duction at 60 Ilg/L. At 60 J-tg/L, the 
plants seemed brittle with many mal
fanned side branches and no roots. 
However, photosynthesis was still 
nonnal, and buds that were removed 
and transferred to fresh, untreated me
dium sprouted normally after another 
6 to 8 weeks, No growth reduction ef
fects were observed at 0.6 jlg/L, 

In the duration-of-exposure experi
ment with bensulfuron methyl, no ef
fect was observed after 2-hr exposures, 
After 12 hr. main stem lengths of 
treated plants were 29 percent of those 
of untreated plants at the end of the re
covery period. Similar effects were 
noted at all intervals after 12 hr, with 

Nelson et al. 

showed growth reduction in main 
stem length. In contrast, there 

was approximately a 20-fold difference be
tween the toxic dose and the minimum dose 
required to reduce main stem length in Eura
sian watermilfoil. Imazaquin showed the 
greatest range between toxicity and stem 
length reduction in Eurasian watermilfoil, 

Table 1 
Concentration Range Tested, Minimum Effective 
DOS8 (ppb) to Cause Main Stem length Reduction, 
and Minimum Effective Dose (ppb) to Cause 
Significant (8t Laast 10·fold) ReductIon In 
Photosynthetic Rala 

Main Stem Reducllcm In 
Length Ph Dlosynlh etlo 

Treatment Range Reduciion Faclor'Rate 

Imazapyr 
Milfoil 5-500 20
 
Hydrilla
 

1005 
1-25 25 125 

Imazaquin 
Milfoil 5-500 100-500 20-100 
Hydrilla 

5 
5-100 1010 100 

Imazethapyr 
Milfoll 10 50 500 10
 
Hydrilla
 4-10 

5-100 
10,000 10-25 100 

limit 
MilfoU 50-1,000 >1,000 >4 
Hydrilla 

250 
10-1,000 50-100 5-10500 

I Ratio of the adverse-effecl dose to length·reduction dose. 
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Hydrilla was more sensitive to arnidochlor 
than was Eurasian watermilfoil, showing reduc
tion in stem length at 50 to 100 j.lgIL (com
pared to 250 IlgIL required for stem reduction 
in Eurasian watermilfoil). Hydrilla was also 
more sensitive in terms of toxicity, and was 
killed at 500 IlgIL. The toxicity dose of 
amidocWor on Eurasian watermilfoil remains 
to be established; no toxicity was observed at 
the maximum concentration tested (1,000 ~g/L). 

Discussion 

The outdoor tank studies confirm the ear
lier results, which indicated that growth re
duction from gibberellin synthesis inhibitors, 
such as flurprimidol, can be achieved in 
hydrilla after very short exposure times. As 
shown in this year's study, exposure to 75 1lg!L 
flurprimidol for only 1 hr effectively reduced 
main stem length, and a 24-hr treatment pro
moted stolon formation and prostrate growth. 
Based on these and previous years' data, the 
weight of the hydrilla does not appear to 
differ between treated and untreated plants. 
This indicates that the same amount of bio
mass in treated plants is produced as in un
treated plants, but in a more compact form. 

The Eurasian watermilfoil results also 
confirm previous years' experiments in 
which flurprimidol concentrations of 75 1!g!L 
or less did not result in significant main stem 
reduction unless exposed for longer periods 
(2 weeks). Our results suggest that higher 
concentrations (e.g., 200 ~g/L) will be re
quired if short exposure times are necessary 
(such as in flowing water). 

Of the compounds tested in the laboratory 
bioassay, bensulfuron methyl, amidochlor, 
and possibly imazaquin have the greatest po
tential as growth regulators, particularly on 
Eurasian watennilfoiL Bensulfuron methyl 
seems to be relatively nontoxic, yet reduces 
main stem heights for long exposures of up 
to 8 weeks at a range of 6 to 60 ~g/L. No ef
fect was noted at 0.6 ~g/L. At least a l2-hr 
exposure to 60 I!g/L appeared to be required 
for long-term stem length reduction. 

WES MP A-91-3, June 1991 

Chemical Conlrol 

In contrast to the herbicidal compounds, 
which generally result in plants that are 
stunted (i.e., the stem apex ceases growth), 
amidochlor produced effects that resemble 
those of the gibberellin synthesis inhibitors 
(stem apex continued to grow but intemode 
length was decreased). Higher concentrations 
of arnidochlor are required for a stem reduc
tion effect; however, little toxicity is shown 
at concentrations as high as 1,000 ~g/L on 
Eurasian watermilfoil. Further work with 
imazaquin and amidochlor is warranted. 

Evaluation of Bensulfuron Methyl 
on Hydrllla (USDA Aquatic Plant 

Management Laboratory) 

Materials and methods 

Monoecious and dioecious hydrilla used 
in this study were obtained from stock cul
tures grown over a period of several months 
in outdoor aquaria in Fan Lauderdale, FL. 
The monoecious hydrilla was established 
from tubers collected from the Potomac 
River, Virginia. Dioecious hydrilla was es
tablished from stem apexes collected from 
Rodeo Lake in Davie, FL. 

The investigation was conducted in out
door tanks located on the grounds of the Fort 
Lauderdale Research and Education Center, 
University of Florida, in Fon Lauderdale. 
Tanks were 0.8 m wide by 2.2 m long (1.7 x 

04
10 ha) and were filled with pond water to a 
maximum depth of 0.6 m. Pond water was 
from the same source as described previously 
(Van and Steward 1986). 

Uniform low water pressure was maintained 
by constant overflow in a standpipe, and flow 
to individual tanks was regulated by small 
petcock valves to provide one water volume 
change every 24 hI. A system of 36 tanks 
(arranged in three rows of 12 tanks) was 
used. Chemical treatments (concentration x 
exposure) were arranged as a 4 x 3 factorial 
with three replicates, and were assigned to 
the tanks in a randomized block design. 
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Hydrilla tubers were allowed to genninate 
in pond water at 25 0 C under continuous light 
for 5 weeks before planting. Ten sprouted tu
bers, 10 em long, were planted in plastic pots 
(25-cm diameter, 20 em deep). The pots were 
filled with a rooting medium consisting of ap
proximately 12 kg of sandy loam (60 percent 
sand, 26 percent silt, 14 percent clay) en
riched with 10 g of a slow-release fertilizer. 1 

Four pots of each hydrilla biotype were 
placed in each tank, and the plants were al~ 

lowed to grow for 2 weeks prior to chemical 
treatment. On 1 August 1990, bensulfuron 
methyl was applied to the tanks at concentra
tions ofO, 0.05,0.10, and 0.20 mg/L. Plants 
were in contact with each of the four treat
ment concentrations for 3,7, and 14 days. 
Water exchange was halted for the length of 
the designated exposure time, after which the 
tanks were flushed three times and the water 
exchange resumed. 

One pot of each plant biotype from each 
tank was harvested at I, 2, 4, and 6 months 
after chemical treatment. Harvested biomass 
was partitioned, numbers of tubers counted, 
and dry weights determined. Data were sub
jected to analysis of variance (ANOVA) 
using a split-split plot design with herbicide 
treatments as main plots, hydrilla biotypes as 
subplots, and harvest dates as subplots. In 
this report, only data on the 1- and 2-month 
harvests are reported. 

Results 

Response of monoecious hydrilla 1 month 
after the bensulfuron methyl ueatments is 
illustrated in Figure 3. Exposure for 3 days 
at 0.05 mg/L resulted in an approximate 35
percent reduction of plant biomass in monoe
cious hydrilla. Increasing bensulfuron methyl 
concentrations to 0.20 mg/L still provided 
only marginal control when chemical expo
sure was limited to 3 days. When exposure 
to the chemical was extended to 7 days, the 
0.05 mg/L bensulfuron methyl treatment 
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Figure 3. Effects of bensu(furon methyl on growth
 
and tuber production in monoecwus hydrillil
 
1 m(}nth after treatment. 'Values are means
 
and standard devifl tio 'IS for three replkates
 

provided approximately 70 percent reduction 
of plant biomass. However, complete inhibi
tion of both plant growth and tuber production 
in monoecious hydrilla required a 14-day 
exposure to concentrations of 0.05 mgIL 
bensulfuron methyl. 

Regrowth began within 2 months in mon
oecious hydrilla, as evidenced by increases in 
plant weight in the second harvest (Figure 4). 
Plants recovered almost completely at all 
treatment concentrations when ex.posure to 
bensulfuron methyl was limited to 3 or 7 days. 
Inhibition of tuber production persisted after 
2 months, even in treatments where plants 
had recovered from the initial herbicidal 

1 Sierra (17-6-10) formulated for an 8- to 9-month release rate (Sierra Chemical Company). 

226 Nelson et al.	 WES MP A-91-3, June 1991 



T'PO:liut"~' 3 dey. J
80 ~l. 

60 II
 
40
 ~~ 
20 [ 

~ ]o I , I 

....	 000 0.05 O.tO 0.15 0.20 

'" Cl 

- 60 

'".. 60 
,.. 
0: 40 
0 

... 
20z .. 

....l 0 
<>. 

E:xpo.sur~: 7 day. 

000 005 0.10 0.15 0.20 
1• £xpos-ure: 14 days jBO ~I 

60 1-' \ "- T 

o [, b~j 
0.00 0,05 0.10 0\5 0.70 

TRl:ATM£NT RATES (mg/l) 

350 

JOO 

250 

200 

150 

100 

50 

0 
'" 
Co>350	 '" 
m 

300 ::> 
....250 ...

200 
0 

'50 '"w
'CO 

'" 50	 ::>: 
::> 

0 z 
0350 

300 

250 

200 

\50 

100 

50 

0 

Figure 4, Effects ofbensu(furon methyl on growth
 
and tuber production in monoecious hydrllla
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effects of bensulfuron methyl. After 2 
months, untreated control plants produced 
an average of 281 tubers per pot, while no 
tubers were found with plants treated with 
0.10 mg/L bensulfuron methyl for a 14-day 
exposure. 

Similar results were obtained with dioe
cious hydrilla (Figures 5 and 6). The highest 
concentration of bensulfuron methyl (0.20 
mgIL) and longest exposure time (14 days) 
were required to maintain adequate control of 
plant biomass after 2 months. Previous stud
ies showed that dioecious hydrilla grown 
from tubers begins to produce new tubers 
after about 8 weeks (Van 1989). In this 
study, untreated control plants produced an 
average of 3 to 10 tubers per pot by the sec-

Chemical Control 

and harvest after 2 months (Figure 6). while 
tubers were still lacking in all plants that 
had been exposed to bensulfuron methyl for 
14 days. 

Discussion 

Bensulfuron methyl reduced plant growth 
in both monoecious and dioecious hydrilla 
at the lowest concentration tested, confinning 
an earlier report by Anderson and Dechoretz 
(1988). These authors also reported that 
effective control of monoecious hydrilla 
required 7 days of exposure to 0.025 to 
0.05 mg/L bensulfuron methyl. 

Our results generally indicate that a longer 
exposure time (minimum of 14 days) and 
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higher rates of bensulfuron methyl (0.10 to 
0.20 mgIL) are needed to achieve hydrilla 
control under Florida conditions. Heavy re
growth was observed after 2 months in both 
hydrilla biotypes when exposure to bensulfu
ron methyl was limited to less than 7 days. 

Bensulfuron methyl also suppressed tuber 
formation in monoecious hydrilla at all con
centrations tested. The suppression level of 
tuber formation was often much greater than 
the corresponding reduction of plant biomass 
exhibited by the same bensulfuron rnethy1 
treatment, suggesting that the inhibition of 
tuber formation was probably independent 
from a general retardation of plant growth. 
Furthermore, the growth-regulating effect of 
tuber inhibition persisted long after the plants 
had recovered from the initial herbicidal effects. 

Nalson at aL 

Future harvests will be made after 4 and 6 
months in an attempt to detennine the length 
of time hydrilla tuber formation remains sup
pressed by the various bensulfuron methyl 
treatments. 

Evaluation of Bensulfuron 
Methyl on Eurasian Watermllfoll 
(Waterways Experiment Station) 

Materials and methods 

The experiment was conducted in an 
aquarium system located in a controlled
environment greenhouse, using a slightly 
modified procedure previously described by 
Green (1988). The system consisted of 
twenty-fow 55-L aquariums (0.75 m x 0.3 
m2), each independently supplied with a con
tinuous flow of reconstituted hard water 
(Smart and Barko 1984). This allowed the 
total water volume (50 L) of each aquarium 
to be exchanged every 24 hr. 

Air was bubbled through each aquarium as 
a source of carbon dioxide and for water cir
culation. Water temperature was maintained 
at 25° ± 2° C throughout the experiment. 
Overhead supplemental lighting provided a 
light:dark cycle of 13:11 hI. The mean photo
synthetically active radiation measured at the 
water surface was 450 ~Elm2. 

Eurasian watennilfoil used in this study 
was supplied by the Lewisville Aquatic Eco
system Research Facility in Lewisville, TX. 
Watennilfoil was separated into 10-cm apical 
segments and planted 5 cm deep into sediment
filled beakers. The sediment used was col
lected from Brown's Lake at the Waterways 
Experiment Station, and was amended with 
nutrients (Ra-pid-gro) to avoid any possible 
nutrient limitations. 

Eleven beakers were placed in each aquar
ium, and plant segments were allowed to 
grow to establish new shoot and root growth. 
When adequate root growth was established 
(approximately 2 weeks), plants were 
trimmed back to a height of 16 em; 1 week 
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thereafter, chemical treatments were applied. 
One beaker of plants was randomly removed 
from each aquarium immediately prior to 
treatment to provide an estimate of treated 
biomass. 

Established plants were exposed to static 
(flow-through water system turned off) treat
ments of varying bensulfuron methyl concen
trations for 7- and 14-day time periods 
(Table 2). Following the exposure time pe
riod, the aquariums were drained and rinsed 
three times to remove chemical-treated water, 
after which the continuous flow-through water 
system was resumed for the duration of the 
experiment. 

Table 2 
Treatment Rates and Exposure 
Time Periods 

Rate of Benaulfufon 
Methyl (J.lS/L or ppb) 

Exposure Time 
(days) 

o {control) 
5.0 

25.0 
37.0 
50.0 

100.0 

0 
7 
7 
7 
7 
7 

250 
50.0 

14 
14 

Treatments were arranged in a completely 
randomized design with three replicates. Vi
sual ratings of plant injury were recorded 
weekly. At the conclusion of the experiment 
(6 weeks posttreatment), root and shoot bio
mass were measured for each treatment. 
Data were analyzed using ANOVA, and treat
ment effects were separated using the Duncan 
Multiple Range Test. 

Results 

All treatments significantly reduced shoot 
biomass (Figure 7). Higher concentrations 
and longer exposure periods were most effec
tive. Biomass reductions ranged from 39 to 
86 percent when compared to the untreated 
controls, with the most effective treatment 
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Figure 7. Effects ofbensulfuron methyl on shoot 
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treatment. Data are means of three observations. 
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being a 14-day exposure to 50.0 Jlg/L 
bensulfuron methyl. Regrowth was observed 
on all treatments by the end of the experiment, 
and the plants had "topped out" or grown to 
the water surface in all but two treatments. 

Effects of bensulfuron methyl on root 
growth were similar to those on shoots 
(Figure 8). Root biomass was significantly 
reduced by all treatments and appeared to be 
concentration dependent. Treatments of 
50.0 Jlg/L at 14-day exposure showed the 
greatest root growth inhibition. 
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Discussion 

Results indicate that bensulfuron methyl is 
effective at reducing the growth of Eurasian 
watennilfoil. Shoot and root growth were 
significantly inhibited at very low concentra
tions (5.0 J.!gfL). As evidenced by the occur
rence of regrowth, longer exposure periods and 
higher concentrations seem to be necessary to 
maintain adequate growth suppression. Stud
ies by Anderson and Dechoretz (1988) also 
reported reduced shoot and root biomass of 
Eurasian watermilfoil when exposed to low 
concentrations of bensulfuron methyl. 

Future Research 

In conclusion, future plans for this work 
unit include the following: 

•	 Continue evaluation of bensulfuron 
methyl on both hydrilla and Eurasian 
watennilfoil. Results thus far indicate 
that longer exposure periods or contact 
times are needed for adequate growth 
suppression of both plant species. 

•	 Complete studies at Purdue University 
identifying the persistence of these 
products, namely the gibberellin syn
thesis inhibitors, in soil, water, and 
plant tissues. Results will provide 
critical information for registration 
purposes. 
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Phenology of Aquatic Plants 

by
 

John D. Madsen 1
 

Introduction 

Phenology is the study of natural phenom
ena that recur periodically (such as blossom
ing, fruit set, germination, and senescence) 
and their relationship to climate and changes 
in environment. When applied to aquatic 
plants, we are examining the modification in 
timing or expression of the life cycle of 
plants resulting from variations in climate or 
conditions. The characteristics examined are 
not only those visual characteristics nonnally 
considered, but also the physiological 
changes in plants that accompany the more 
evident life stages. Although this sounds 
basic, a better understanding of phenology of 
plants has significant implications to the ap
plication of all control technologies. 

The objectives of this research are to: 

•	 Defme seasonal trends in growth, allo
cation, and vegetative or sexual propa
gation and spread of target species. 

•	 Define "weak points" in the life 
cycles of target species for the applica
tion of control tactics, either singly or 
in concert. 

•	 Integrate phenology of target species to 
the life histories of biocontrol agents. 

By design, this research effort will seek to 
coordinate activities with other work units 
within the Aquatic Plant Control Research Pro
gram to achieve these objectives. In particular, 
cooperation is sought with the Simulation and 
Biocontrol efforts to identify infonnation 
needs for directing further data collection. 

Significant contributions have already been 
made in this effort, particularly in studies of 
waterhyacinth (Eichhornja crassipes L.) at 
both the WES and the Lewisville Aquatic 
Ecosystem Research Facility (LAERF).2,3 
Current research at the LAERF will be re
viewed, and futme directions and target 
species discussed. 

Current Research 

Experimental approach 

Research on waterhyacinth was performed 
at the LAERF using separate OA-ha ponds. 
Components of the research effort included 
(1) growth, biomass, and resource allocation, 
(2) production estimates through leaf tag 
studies, and (3) sexual propagation studies. 

Growth, biomass, 
and resource allocation 

Seasonal biomass, growth rates, and alloca
tion of biomass, carbohydrates, and nutrients 

1	 US Army Engineer Waterways Experiment Station, Lewisville Aquatic Ecosystem Research Facility, 
Lewisville, TX. 

2	 K. T. Luu and K. D. Getsinger. 1990. Coordination of conlrol tactics with phenological eveots of 
aquatic plants. Pages 123-127 in p,,,, adings, 24th Annual Meeting, Aquatic Plant Control Research 
Program. Miscellaneous Paper A-90-3. US Army Engineer Waterways Experiment Station, 
Vicksburg, MS. 

3	 K. T. Luu and K. D. Gelsinger. 1990. Seasonal biomass and carbohydrate distribution in 
waterhyacinth: Small-scale evaluation. Technical Report A-90-1. US Army Engineer Waterways 
Experiment Station, Vicksburg, MS. 
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were studied in 1990 by planting sets of I-m2 

floating rings in groups (or cohorts) initiated 
at different times throughout the growing 
season. Two ponds were also used in this ex
periment: one to which no treatments were 
added (control) and one to which nitrogen fer
tilizer was added each week (nitrogen-added). 
Initially, only 2.5 kg was added weekly but, by 
mid-July, 10 kg ofnittogen was added each 
week. Table 1 indicates the dates cohorts were 
initiated and the subsequent sampling schedule. 

Table 1 
Sampling Schedule for Ring Study 
Determining Growth, Biomass, and 
Resource Allocation1 

Week of Cohort A Cohort B Cohort C 

5 Jun 90 
12 Jun 90 
19 Jun 90 
26 Jun 90 

0 
1 
2 
3 

3 Jul90 
10 Jul90 
17 Jul90 
24 Jul90 
31 Jul9D 

5 

7 0 
1 

7 Aug 90 
14 Aug 90 
21 Aug 90 
28 Aug 90 

9 

12 

2 
3 

5 

4 Sep 90 
11 Sep 90 
18 Sap 90 
25 Sap 90 

15 
7 

9 

0 
1 
2 
3 

20cl90 
9 Ccl90 

16 Ocl 90 
23 Oct 90 
30 Oct 90 

18 

21 

12 
5 

7 

6 No.., 90 
13 No.., 90 
20 No.., 90 
27 No.., 90 

24 
16 10 

3 Dac 90 19 13 

1	 Column entries Indicate the number of weeks from 
cohort initiation when the samples were faken; week "0" 
indicates beginning of cohort and first sample. 

On each sampling date, three rings from 
each pond were sampled as replicates. Until 
plants grew to cover the entire ring, all plants 
were harvested. Once plants covered the sur· 
face of the ring, a 0.25-m2 quadrat was har
vested from the center of the ring. 

The plants were separated into roots, ma
ture leaf laminae and petioles, young leaf 
laminae and petioles, stem bases, stolons, 
young plants, inflorescences, and dead mate
rial. These components were dried at 55° C, 
weighed, and ground for future analysis of 
carbohydrate and nitrogen content. Standard 
water quality parameters were measured 
weekly on the ponds, and water samples were 
taken for future analysis of major nutrients. 

Production 

Waterhyacinth production was examined 
by leaf tag studies. An individual mature ro
sette was placed in each of six rings (repli
cates) in each of two ponds (control and 
nitrogen-added) as in the ring study, with 
three cohorts started at separate times as 
above. These rosettes were examined each 
week, with all tagged leaves, inflorescences, 
and daughter plants counted. The untagged 
leaves, inflorescences, and daughter plants 
were also counted and tagged with small elec
tric cable ties. 

In addition, rosettes that were produced by, 
or attached to, tagged daughters or were free 
floating within the ring were also counted 
weekly. These data were then used to calcu
late weekly densities and production and loss 
rates of leaves, rosettes, and inflorescences. 

Sexual propagation 

The aspect of sexual propagation exam
ined in 1990 was seedling survival. Water
hyacinth seedlings began to genninate in 
early July in two ponds at the LAERF that 
had been used the previous year to grow 
waterhyacinth. A hard 2-week freeze in 
1989 ensured that none of these plants were 
able to overwinter vegetatively; all plants 
encountered were seedlings. 

In one pond (No. 42), seedlings were 
found sprouting on damp marshy sediment. 
At this location, no plants floated due to lack 
of standing water. In addition, individual 
plants were tagged to follow the recruitment 
and mortality of individual seedlings. In the 
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other pond (No. 19), seedlings were germi
nating in 0.3 to 1 m of water depth. There
fore, the time to floating stage could be 
followed, but it was not possible to tag 
individual seedlings. 

Seedlings in each pond were counted 
within enclosures weekly, and the number of 
flowering seedlings was examined. 

Results and Discussion 

Growth, biomass, 
and resource allocation 

Resource allocation and growth rate data 
will not be presented pending further analysis. 
Cohort A failed to thrive, in part due to the 
poor condition of rosettes from the greenhouse. 
Subsequent growth from other cohorts indi
cated the importance of using robust plants 
from an outdoor culture pond. Density and 
biomass data for cohorts B and C will be 
discussed. 

The density of mature and daughter plants 
was similar between the two ponds (control 
and nitrogen-added) for cohort B, but densi
ties of both plant types were substantially 

Chemical Control 

higher in the nitrogen·added pond for cohort 
C (Figure 1). The decrease in density of both 
mature and daughter plants for the last sam
pling date of cohort C in the nitrogen-added 
pond may be due to intraspecific competition 
and self-thinning. 

Biomass of cohort B was significantly 
higher in the nitrogen-added pond than the 
control pond, despite the similarity in density 
(Figure 2). This is evidence that increased 
fertility may well increase the growth rate or 
size of individual plants or leaves, rather 
than only increasing numbers of plants. 
Biomass data for cohort C have not yet been 
analyzed. 

Production 

Although other parameters were measured 
in the leaf tag study, only rosette number will 
be discussed (Figure 3). For cohort A, growth 
in both ponds was delayed for over 6 weeks. 
In June, the only plants available were in 
poor shape and were not acclimated to outdoor 
light. These plants required a long time to gain 
sufficient vigor to produce daughter plants. 
After this, the number of rosettes produced 
was significantly greater in the nitrogen
added pond than in the control pond. 
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Figure 1. Density of waterhyaclnlh, by sampling date, in ring study for cohorts B and C 
in the control and nitrogen-added ponds 
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Figure 2. Biomass QI wa/erhyaclnth by sampling 
date in ring study for cohorts Band C in the 

control and nitrogen-addedponds 

For cohort B, there was no apparent differ
ence in the numbers of rosettes until early 
October, at which time the control pond 
exhibited a higher mortality rate than the 
nitrogen-added pond, which appeared to 
have a stable population size. 

Rosette production rates in cohan C for 
the nitrogen-added pond were markedly 
higher than the control pond, higher than any 
other cohon. Therefore, it appears that in
creased fertility does increase rosette forma
tion and maintenance. 

Sexual propagation 

Seedlings were first observed in the two 
ponds in mid-July, and the study enclosures 
were constructed the following week. Since 
seedling emergence was largely synchronous 
in both ponds, and most seedlings appeared 
to germinate in a 3-week period, germination 
may well have been triggered by an environ
mental factor such as water temperature or 
day length. However, a series of drawdowns 
or drying periods may also have been a factor 
in seed germination. 

In pond 19, seeds germinated in 0.3 to 1 m 
of water depth. Development proceeded for 
2 to 4 weeks, until seedlings were suffi
ciently mature to be positively buoyant, float
ing to the top (Figure 4). Seedling monality 
was higher in pond 19 than in pond 42, due 
in part to fluctuating water levels that tended 
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to strand young plants on emergent vegeta
tion, where they then dried out. 

Growth and maturation of seedlings in 
pond 19 was slower than in pond 42, with 
plants reaching maturation and flowering 
after at least 13 weeks (90 days), with peak 
flowering at 14 weeks (100 days). Seedlings 
in pond 19 that reached flowering were those 
that had managed to establish on the sloped 
shoreline. 

In pond 42, seedlings germinated and grew 
on a wet organic sediment. In general, these 
plants grew faster and produced more daugh
ters. Mortality was very low (Figure 4). Also, 
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compared with pond 19, more plants reached 
flowering stage and flowered earlier (10 
weeks, 70 days). Mature seed pods holding 
seeds were also noted. 

The implications of seed germination and 
survival to efficient management of the plant 
are several and significant. 

First, it is possible for waterhyacinth to sur
vive from one year to the next by an annual 
life cycle. Waterhyacinth could recover from 
occasional hard winters (such as experienced 
in 1989) from the seed bank: alone, though pop
ulation densities would initially be lower than 
if vegetative perennation had occurred. The 
northern range of waterhyacinth should then be 
delimited by the locations in which it can ger
minate and grow to flowering stage within a 
given growing season. 

Second, waterhyacinth can recover in some 
localities from herbicide treatment or draw
downs, or other control techniques, by seed ger
mination. Population reestablishment rates 
would be slow, but this does indicate the need 
to monitor sites after management tactics are 
applied to prevent regrowth. 

Last, it is possible for waterhyacinth to be 
dispersed by seed, without any vegetative 
propagules being transported . 

Future Research 

Phenological studies should be performed 
on all major nuisance species to better imple
ment control strategies. Current plans for the 
future will focus on waterhyacinth, Eurasian 
watennilfoil (Myriophyllum spicatum L.), 
and hydrilla (Hydrilla verticillata (L.f.) Royle). 

Walerhyaclnlh 

Growth, biomass and resource allocation 
studies, leaf-tag studies, and sexual propaga
tion studies as outlined above will continue 
in fiscal year (FY) 1991. In addition, regular 
measurements of field net photosynthesis and 
respiration of leaves, and respiration of stem 
bases and roots, will be obtained to provide 
bener data for modeling purposes. Addi
tional studies of sexual production are 
planned, including examination of the envi
ronmental requirements for seed germination 
and seedling survival, as well as studies of 
seasonal flowering trends. 

Eurasian watermilfoil and hydrllla 

Growth, biomass, and resource allocation 
studies, seasonal photosynthesis and respira
tion measurements, and seasonal trends in 
vegetative and sexual propagation are 
planned for both Eurasian watermilfoil and 
hydrilla. Propagation and spread of these 
species will be emphasized in some of the 
seasonal studies planned, as well as contrast
ing the efficiency of the various vegetative 
and sexual modes of propagation of the two 
species, including both monoecious and 
dioecious hydrilla. 

Plans are to initiate studies on Eurasian 
watermilioil in FY 91, with hydrilla to follow 
in the near future. In addition to studies at the 
LAERF, cooperative efforts at other localities 
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will help to establish the geograplric variabil
ity in phenological phenomena and expand 
the range of phenological topics examined. 

Conclusions 

Phenology studies will create a better under
standing of the basic life cycle and biology of 
target species, providing insight to the key 
points at which various management tactics 
can be implemented. This work unit is interac
tive; it requires input from many other work 
units, and in return provides data to them. 

In the future, the Phenology work unit will 
examine geographical variation in target 
species' responses and growth, and the effec
tiveness of various important control tactics. 
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Industry Overview: The Future of Herbicides 

by
 

Francis T. Lichtner l
 

To look to the furure of herbicides and 
herbicide discovery, we must understand the 
forces that shape industry research (Figure 1). 
Historically, market need, project/product 
economics, and competitors' offerings have 
primarily determined aquatic plant control 
targets. Once these targets were defmed, 
chemicals were discovered to successfully 
meet those needs. However, in the past few 
years and continuing into the future, evalua
tion of the environmental impact of products 
and consideration of the public perception 
of the risks and benefits of crop protection 
chemicals have resulted in redefmition of the 
discovery process. 

ENVIRONMENT 

...,ARKET
NEED 

ECONOIllICS 

/ 

HEAlTH 

1 
~OP\A3l1C " SKETYPERCEPTION 

COt.4PETlTlVE 
Of"FERlNC 

Figure 1. Forees shaping agricultural 
chemical research 

The objectives of this presentation are to ex
amine the forces that shape industry research 

and to discuss how Du Pont approaches herbi
cide discovery. In many respects, this ap
proach is applicable to the agricultural 
chemical industry as a whole. 

Due to the time lag between product dis
covery and commercialization, industry re
searchers attempt to anticipate the future 
marketplace. We estimate that the demand 
for food (and water) will increase at an annual 
rate of 1 to 2 percent. Although the pesticide 
business is mature, companies will capture rev
enues by providing superior replacements to 
those products already on the market. Environ
mental and safety concerns for current products 
and practices will create opportunities for new 
replacement products and services. 

To satisfy these needs, traditional crop pro
tection chemicals (CPCs) as well as novel 
chemical and biological solutions (including 
the use of molecular biology and genetic tech
niques) will be sought. In addition, contin
ued consolidation of companies will occur in 
the agricultural chemical industry, as greater 
sales volumes are needed to provide critical 
revenues for research, development, and stew
ardship of these new products and services. 

There is little doubt that the products of 
the future will appear different than those of 
the present and past (Table 1). Herbicides 
have evolved from the high-use rate inor
ganic compounds, through the hormonals, to
ward the current single-target, low use-rate 
technology. Similar trends are also seen in 
the fungicide and insecticide areas. CPCs of 
the future will look as different from current 
products as the sulfonylureas do to the ureas 
and triazines. 

1 Du Pont Agricultural Products, Newark, DE. 
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Table 1 
Evolution of Agricultural Chemicals 

Yesr Herbicide Inaectlclde Fungicide 

1920 lnorganics 

1930 Phenoxy ODT 

1940 Phosphate 

1950 Triazine Organoch lorlne Carbamate 

1960 Carbamate 
Urea 
Amide 
DNA 

Carbamate Benzim idazole 

1970 Glyphosate Triazole 

1980 Sulphonylu rea 
Imldazollnone 

Pyrethrold 

1990 ? ? 7 

This era of new product technology will 
also be much costlier from a discovery and 
development standpoint (Figure 2). Today, 
an average of over 40,000 compounds must 
be tested to discover a new product. Once 
that product is identified, over $40 million 
and 8 years of development/registration pro
cesses are required to bring the product into 
the marketplace (Figure 3). 

These figures do not take into consider
ation the capital investment needed to con
struct research and manufacturing facilities, 
nor the costs involved in maintaining the 

product in the marketplace. Under these cir
cumstances, it is increasingly difficult and 
costly to rely on traditional discovery (or 
screening) programs to satisfy the demand 
for new products. As a result, traditional 
whole-plant iterative chemical-biological op
timization processes have been coupled with 
new in vitro testing programs, specific target
site characterization/inhibitor design teams, 
molecular modeling activities, and special 
tests to identify novel, low-level leads. 

Control of nuisance aquatic plants offers 
special challenges for the discovery of new 
control technologies. Our often-limited water 
resources must serve many diverse "custom
ers," including those using water for agricul
ture, drinking, recreation, or habitat. These 
multiple uses demand vegetation management 
rather than complete, indiscriminate control of 
all plant life. As a result, aquatic plant control 
must rely on an integrated systems approach. 

Already, the marriage of biological and 
chemical technologies is impressive, and this 
trend will clearly continue. However, market 
opportunities for aquatic herbicides are not 
fully or readily defined; this situation makes 
it doubtful that industry will design large 
programs for aquatics alone. Most likely, 
companies will seek to extend registrations of 

COMPOUNDS TESTED YEARS REQUIRED FOR 
PER PRODUCT DEVELOPMENT COSTSNEW PRODUCT INTRODUCTION 
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Figure 2. Trends in compounds tested and time and cost associnted 
with research and deYeloprrunt ofagricultural chemicals 
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suitable older products, and new canclidates, 
to aquatic sites. 

To best serve the unique needs of aquatic 
plant control, we will require novel formula
tions of these products, and new application 
techniques to deliver and restrict these chemi
cal and biological agents to the target plants. 

Certain beliefs drive our approach to 
designing discovery research processes and 
organizational structure. These beliefs can 
be summarized as follows: 

• Pest control technology will continue 
to be essential for meeting worldwide 
food needs. 

• Public concerns and regulatory pres
sures will continue to increase. 

• Alternative genetic and biological 
methods for pest control will become 
increasingly important. 

• Major opportunities exist for safer, 
more effective products. 

WES	 MP A-9i-3, June 1991 

In particular, we in Du Pont place great em
phasis on discovering safer products for the 
marketplace. Potential new products must 
have cenain characteristics (investigated very 
early in the discovery process), to ensure that 
minimal investment occurs for those candi
dates that do not meet the appropriate criteria. 
These criteria include: (1) quick degradation 
or breakdown, (2) negligible risk to humans 
and wildlife, (3) little or no residue, (4) no 
adverse effect on water quality, (5) minimiza
tion of active ingredient, (6) target specificity, 
and (7) no harm to beneficial insects. 

While these additional testing requirements 
add time and cost to the discovery process, 
they pennit us to understand more fully how 
compounds interact with the environment. 
This increased understanding also allows us 
to move toward OUI vision, that of a growing 
partnership with nature. The chemical indus
try shares society's value for environmental 
integrity, and it knows that science-based 
solutions to society's problems will add 
positively to the overall quality of life. 
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Future of Chemical Technology in Aquatic Plant 
Management Operations1 

by 
Joseph C. Joyce'l 

Introduction 

In order to look at the future of chemical 
aquatic plant operations, one must focus 
upon the political, social, and scientific envi
ronment in which the aquatic plant manager 
must operate. The aquatic plant manager 
functions in what should be considered our 
most precious natural resource-water. The 
public attention and concern over pesticide
related issues, particularly with regard to 
water, is being strongly reflected in institu
tional controls that determine how herbicides 
or plant growth-regulating compounds are 
currently used and will be used in the future. 

Probably no other publication has had a 
more profound effect on the products the 
aquatic plant management industry has at its 
disposal than Rachel Carson's Silent Spring, 
which was first published in 1962. Twenty 
eight years later, the majority of the public's 
perception of pesticides in general is still 
molded by the concepts and thoughts ex
pressed by Ms. Carson. If our use of herbi
cides in aquatic plant management will be 
influenced by public opinions and pressures, 
a look at Silent Spring and the objectionable 
characteristics of pesticides, and the manner 
in which they were used, seems appropriate. 
If the concerns expressed in Silent Spring can 
be addressed, the aquatic plant manager will 
retain the use of safe, environmentally compati
ble compounds as part of aquatic plant manage
ment programs. It is on this basic premise that 
the following analysis of aquatic herbicides 
and their future use was undertaken. 

Characteristics of Aquatic
 
Herbicides
 

Are the herbicides that currently receive 
widespread use in aquatics of such a nature 
that they would be subject to the criticisms 
raised by Ms. Carson? Table 1 lists the 20 
compounds that were available for use in and 
around aquatic sites in 1976 (Anonymous 
1976) and the nine that are available today. 
Thirteen of the compounds available in 1976 
are no longer in use in aquatics, and two new 
ones have been added. The reasons the 13 
compounds are no longer used in aquatics 
vary. Some of them are no longer used be
cause of: 

•	 Failure to meet the new registration 
requirements of the Federal Insecticide, 
Fungicide, and Rodenticide Act (FIFRA) 
or cancellation because of concerns 
raised under FIFRA-related reviews, 
such as toxicity, carcinogenicity, 
biomagnification, or environmental fate. 

•	 Loss of market share through
 
competition.
 

•	 Development of new alternate com
pounds or control techniques. 

•	 Expiration of patent. 

•	 Corporate unwillingness or inability to 
support additional data requirements 
for fInancial or other reasons. 

1 Florida Agricultural Experiment Station Journal Series No. N-00353. 
2 University of Florida. Institute of Food and Agriculture Sciences, Center for Aquatic Plants, 

Gainesville, FL. 
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Table 1 
Herbicides Used In and Around Water for 
Management of Aquatic Vegetation 

1976' I 1990 

Acrolein 
Amllrole 
Ammonium sulfate 
Bromacil 
Copper 
2,4·0 
Dalapon 
Dicamba 
Dichlobenil 
Diquat 
Diuron 
Endothall 
Fenac 
Prometon 
Slivex 
Simazine 
Sodium chlorate 
Sodium metaborate 
Trichloroacetic acid 
2,4,5-1 

Acrolein 
Copper 
2,4-0 
Dichlobenil 
Diquat 
Endothall 
Simazlne 
Fluridone 
Glyphosate 

Many of these products were registered under the 
FIFRA grandfather clause when the US Environmental 
Protection Agency was established. Several others 
were registered In some states. None are currently 
under patent protection. 

Table 2 
Characteristics of Pesticides 
Considered as Unacceptable 

· Broad spectrum of aclivity to similar organisms. 

· Toxicity and other adverse effects to nontarget 
organisms. 

· Toxic metabolites. 

· Fat soluble, which allows accumulation in organisms 
and blomagnlflcatlon through the food chain. 

· Fetal eHects. 

• Mutagenicity_ 

· Carcinogenicity 

• Persistence and bioavallability in the environment. 

· Interaction and synergism with other pestlcldes and 
additives. 

· Disruption 01 the food chain. 

· Opportunity for and Impact of human exposure 
through use pattern. 

Source: Carson 1962. 

•	 Excessive amount of 
product stewardship 
required for the spe
cialty aquatics market. 

What characteristics of 
aquatic herbicides are consid
ered unacceptable by environ
mentalists? Table 2 lists 
some of the characteristics of 
pesticides in general that 
raised the ire of ecologists 
such as Ms. Carson. Those 
familiar with the registration 
requirements of FIFRA real
ize that this list also repre
sents many of the factors or 
criteria upon which current 
FIFRA guidelines for regis 
tration are based. 

Table 3 lists the major 
characteristics or public con
cerns regarding pesticides as 
expressed in Silent Spring 
and indicates the degree of 

Table 3 
Envlronmenta I Characteristics 
of Current Aquatic Herbicides 

Acute Toxicity Blomagn Ifleallon 
Rats Broad Peralalena. 
LD50 

(In Food Chain),Bluegilla 
Spec- Cllrclnog en Ic Ity, (Halt-Life In 

Herbicide 
LCso 

Irum' and Mutagenicity Water, dayl)mg/Lmgfkg 

...;1Acrolein2 46 -+ 

Copper 
3CuSO, 470 O.SS + -
3Chelated 650 1.2·7.5 + -

-4 .2,4-0 300 168 7.48 
1,000 

...Oichlobenil 3,160 60-908.3 -
Oiquat 230 245 ... 1-7-
Aquathol K ... -206 343 4-7 
Hydrothol 0.94 ... 4-7
 

191
 
-

Simazlna 16.0 ...>5,000 - 30 

-4Fluridone :010,000 20- -
+4Glyphosate 5,600 120 14-

, High degree (+); low degree (-).
 
2 Western irrigation canals only.
 
3 Varies depending upon form ularion and wate r quality.
 
4 Dependent on rate and liming of application.
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applicability of the concern to the various 
aquatic herbicides. The current aquatic herbi
cides do not possess the characteristics gener
ally deemed unacceptable. In particular, they 
are of low toxicity and are water soluble 
rather than fat soluble; thus, they do not accu
mulate within the food chain through 
biomagnification processes. 

Operational Considerations 

How are aquatic herbicide applicators per
ceived by most environmentalists? For the 
most pan, herbicide users are seen by envi~ 

ronmentalists and the public as managers 
with a limited knowledge of ecological rela
tionships and a narrow management focus. 
There is also a feeling among the public that 
herbicide users have no regard for public 
health and welfare. The perception is that 
herbicides are used because it is cheaper than 
mowing and, as Rachel Carson (1962) claimed, 
"it gives them a giddy sense of power over na
ture." Another commonly held, unfounded be
lief of the public is that there is some financial 
incentive provided by the herbicide manufac
turer or distributor to the public applicator to 
use more aquatic herbicide. 

In spite of the above perceptions, the 
environmental community is not totally op
posed to the use of herbicides. As stated by 
Ms. Carson, "Sometimes we have no choice 
but to disrupt the relationship of plants with 
other aspects of the environment. However. 
we must do so with full awareness that what 
we do may have consequences remote in 
time and place." 

What characteristics of herbicide opera
tional programs in public waters are generally 
unacceptable? Typically, those programs 
that routinely resort to nonselective blanket 
or broadcast spraying operations over large 
areas raise the ire of the environmental com
munity and the public. 

Surprisingly, there does appear to be 
acceptance of our maintenance control pro
grams, wherein attempts are made to keep the 
nuisance plant at a low population through 

aggressive ueatment at levels below prob
lematic proportions. In fact, Ms. Carson 
endorsed recommendations of the 1957 Com
mittee for Brush Control for Rights of Way 
(Egler 1953) as the manner in which herbi
cides should be used, i.e. "selective spraying 
wherein treatment is directed only to the 
weedy species in an attempt to select for 
more beneficial, native vegetation, thus pre
serving native wildlife habitat." 

Ms. Carson identified the attributes of se
lective spraying that appealed to her as an 
ecologist. These were that it: 

•	 Eliminates the need for broadcast, 
blanket spraying of herbicides. 

•	 Causes less damage to nontarget plants 
and animals. 

•	 Causes less human exposure. 

•	 Manages vegetation as a community. 

•	 Achieves long-term vegetation control 
and eliminates repeated massive blanket 
spraying. 

•	 Minimizes the amount of herbicide used. 

•	 Has lower annual costs. 

Many examples of these types of opera
tional programs and resulting benefits are 
available in the current aquatic plant manage
ment profession. Two notable examples are 
the recent management of waterhyacinths on 
Lake Okeechobee by the South Florida Water 
Management District and the on St. Johns 
River by the US Army Engineer District, 
Jacksonville. 

Aquatic plant managers who are responsible 
for public waters are no longer driven only by 
the need to find a herbicide product that is la
beled and efficacious. Today's managers are 
sensitive to public opinion, media coverage, 
and regulatory agency scrutiny. For these 
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reasons, public water resource managers tend 
to select control methods and herbicides that 
will reduce these pressures. Criteria on 
which a typical public aquatic plant manager 
bases decisions to use a given product include: 

•	 Intended use of water and potential for 
conflict with human activities. 

•	 Impact on nontarget plants and ani
mals and other environmental impacts, 
such as persistence. 

•	 Minimal or no water-use restrictions. 
No water reuse restrictions can elimi
nate the need for public notification or 
posting of water bodies. 

•	 Costs per acre per season. 

•	 Ease of use and length of control. 

The standard by which Ms. Carson felt we 
should measure the environmental change 
brought about by our operations is the "need 
to preserve natural plant communities" (Car
son 1962). Her hope was for the develop
ment of host-specific insects or pathogens 
that would suppress the nuisance species to 
only a small portion of the affected aquatic 
habitat and reduce the usage of pesticides. Is 
this not the long-term goal of our current re
search and management strategies for exotics 
such as hydrilla, waterhyacinths. Eurasian 
watermilfoil, and other exotic aquatic weeds? 

The Future 

From the above, it should be obvious that 
the future of the management of aquatic 
plants with herbicides will be determined by 
(1) the relative impact of the compounds on 
the environment and nontarget plants and 
animals, including man; (2) the perception by 
the public, media, and regulatory personnel 
of these compounds and how aquatic plant 
managers use them; (3) the financial resources 
available to support additional data require-
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ments or aquatic registrations of new com
pounds; (4) government-industrial partner
ships to maintain current registrations or to 
register new compounds; (5) combination of 
herbicides with other management techniques; 
(6) development of new and innovative appli
cation techniques to enhance selectivity and 
efficacy of current products; (7) education of 
the general public, media, and regulatory 
agency personnel; and (8) education of field 
applicators and managers on how to be more 
sensitive and responsive to public concerns. 

The perception of the public and environ
mentalists is that Silent Spring still exists 
today. The message aquatic plant managers 
must send is that the pesticides pose no 
undue risk to man or the environment when 
properly utilized; otherwise, they would not 
be available on the market. Also. managers 
must emphasize that the overall goal of plant 
management is restoration and preservation 
of native habitats. Managers will also be re
quired to mow more about the chemical and 
biological characteristics of the compounds 
they use, to have well-stated goals, and to 
avoid overstating the safety or understating 
the impacts of the compounds they use or 
operations they perform. 

In summary, will there be a future for 
aquatic herbicides in our management activi
ties? Yes. Will the future be the same as 
today? Based on the past, probably not. Are 
aquatic plant managers changing to meet the 
new requirements? Yes, and probably more 
quickly and extensively than any other pest 
management profession because we are con
cerned about our most precious natural 
resource-water. 
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Herbicide Registration for Aquatic Use: 
A Look to the Future 

by 
John H. Rodgers, 1r. 1 

Since the fonnulation of the Federal 
Insecticide, Fungicide and Rodenticide Act 
(FIFRA), the US Environmental Protection 
Agency (EPA) has had the responsibility for 
registration of herbicides for use in aquatic 
systems. In October 1988, FIFRA was revised 
and amended by Congress, and pesticide re
registration under new and more restrieti ve 
environmental rules was required to be ac
complished 9 years from the date of these 
amendments. It is important to realize that 
herbicides constitute approximately 60 percent 
of all pesticides sales in the United States. 

This important reregistration process and 
compliance with the new environmental regu
lations will not be without costs, however. 
The fee for reregistration is $150,000 per ac
tive ingredient. In addition, certain environ
mental data must be submitted, which are 
very costly to obtain. 

Over the past decade, the EPA has been 
comparing the fate and effects of herbicides 
for use in aquatic systems. This has been a 
three-part exercise involving a strong re
search effort from their Ecological Risk 
(Ecorisk) Assessment Program? 

One aspect of the registration exercise has 
been to examine the fate and effects of pesti
cides from the viewpoint that contamination 
does not equal harm, As measurement tech
niques increased in sensitivity, it became ap
parent that residues of pesticides could often 
be found widely throughout aquatic systems. 
Also, it was apparent that cenain low concen
trations of these residues did not constitute 

harm or risk to nontarget species or human 
health. 

A second important aspect of the registra
tion process was an exercise in comparing 
the fate and effects of herbicides dispassion
ately with experimental evidence of their 
re lative toxic 010gy and pers istence, 

The third change that has evolved in the 
pesticide registration process over the last de
cade has been a recognition of the two 
sources of error that can lead to serious con
sequences in pesticide registration for 
aquatic use. The error that the EPA must 
avoid is concluding that a pesticide is not 
toxic when it proves to be toxic in a particu
lar situation, or that a pesticide does not pose 
a particular risk and it proves to be harmful 
in a specific authorized use. 

The converse source of error, to say that a 
pesticide is toxic when it is not in a particu
lar use scenario, is perhaps equally damag
ing. In this scenario, society has been denied 
the use of a potentially valuable chemical 
such as an aquatic herbicide that may solve a 
problem. Attempts have been made to mini
mize these sources of error by strategic re
search efforts, as well as education of users 
to understand the risks associated with ap
proved uses of herbicides. 

This paper focuses on two areas: the pesti
cide registration process as it is currently con
ducted, and a look to the future of registration 
of herbicides for aquatic uses. 

1 University of Mississippi, Department of Biology, Biological Field Station, University, MS. 
2	 Information in this paper is presented with the acknowledgmeot of Mr. Jim Ackerman, Ecological 

Effects Branch, Office of Pesticide Programs, US Environmental Protection Agency, Washington, 
DC. 
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Currently, herbicides designated for 
aquatic use undergo a review of both toxico
logical and exposure data. First, the toxico
logical data are requested and evaluated 
using a tiered approach. The initial tier of 
data generally focuses on the acute toxicity 
of the herbicides to target and nontarget spe
cies. Aquatic herbicides may be intended for 
nonvascular or vascular plants. Nontarget 
species of concern would include both inver
tebrates and fish. Invertebrates such as 
microcrustaceans and insects would be of 
concern, and toxicological data from these in
vertebrates may be required. Toxicological 
studies of fish of concern, such as the blue
gill sunfish (Lepomis macrochirus), may be 
required. 

If concerns arise in the initial tier, addi
tional and more detailed data may be re
quired to examine the chronic effects of the 
herbicide on nontarget species. Chronic ef
fects are especially of concern if the pesti
cides persist for more than 4 to 20 days. 
Again, species of concern may include crusta
ceans, insects, and other invertebrates, as 
well as vertebrates such as salamanders and 
fish. The duration of the chronic tests may 
range from about 3 weeks to 2 years. These 
tests are relatively costly and require consid
erable attention and expertise to conduct. 

If a herbicide intended for aquatic use per
sists, and the results of the intermediate tier 
of testing indicate cause for concern, a third 
or final tier of testing may be required, which 
includes mesocosm or field studies. These 
field studies may be quite expensive (in excess 
of $1 million per study). 

To make the decisions at each tier, the con
centrations of a herbicide which cause effects 
are compared to expected environmental con~ 

centrations (EECs) that may be predicted or 
measured in field trials. The EEes obtained 
in field trials may be acquired during prelimi
nary use of the herbicide under an experimen
tal use permit. 

Estimation of the exposure or EEC is cru
cial to making an accurate decision whether 
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to proceed with registration or to deny regis
tration of a particular herbicide. The tech
nique currently used by the EPA to arrive at 
this decision is called the quotient method. 
In the quotient method, the concentrations of 
herbicide causing effects are compared to the 
EEC or exposure concentration that the non
target species may encounter. 

For a variety of categories of pesticide 
registration, cenain herbicide label require
ments may be imposed (as well as restricted 
use), requiring that users be trained under a 
certification program. At each step along 
this decision path, the weight of the scientific 
evidence is evaluated, and presumptions of 
unacceptable risk must be negated. This re
quires both risk assessment and risk manage
ment decisions. The risk management 
decisions would involve a benefit analysis 
that would incorporate concerns for the bene
fits to society versus the risk to the environ
ment or nontarget species. 

It is important to remember that the Federal 
registrations under the EPA are the most lib
eral registrations in the sense that each State 
may be more restrictive. In other words, each 
State may consent to FIFRA registrations or 
impose additional restrictions on the utilization 
of herbicides within its boundaries. For reser
voirs, lakes, or rivers with waters falling within 
the bounds of two adjacent States, the restric~ 

tion or the herbicide use is usually regulated by 
the more restrictive State. 

The pesticide registration process under 
FIFRA is currently undergoing review and 
potential revision. There is concern that new 
scientific techniques and risk assessment ap
proaches have been developed and that these 
approaches should be incorporated into the 
pesticide registration process. 

The EPA, pesticide manufacturers, and en
vironmental professionals have initiated this 
review and discussion under the auspices of 
the Conservation Foundation and the World 
Wildlife Fund. An Aquatic Effects Dialogue 
Group has been working for more than a year 
to evaluate the current pesticide registration 
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process and to suggest changes in the pro
cess that might be more defensible or may 
lead to more lasting scientifically defensible 
registrations. 

It is apparent that the new regulations will 
require more toxicological testing rather than 
less testing, Additional plant species will be 
required in addition to the nonvascular and 
vascular plants currently tested. Also, other 
fish species may be required. More pesti
cides will probably be tested in the higher 
tiers, including microcosms and mesocosms. 
These are particularly useful systems for eval
uating effects on nontarget species. 

A third requirement in specific situations 
may be the field monitoring of residues for a 
period of years to ensure that estimated envi
ronmental exposures are not being exceeded. 
It has been suggested that the EPA develop 
probabilistic approaches to estimating envi~ 

ronmental exposure cancennations as well as 
toxicological hazards associated with pesti
cide use. Any of the new regulations will 
probably lead to label changes. These label 
changes may require buffer zones, intervals 
between treatments, or considerations for 
lower exposure concentrations. 

The new regulations are likely to give ad
ditional attention to human health and worker 
exposure, as the formulations of pesticides 
are submitted for registration, 

Probably the most important aspect of 
new regulations or approaches to registering 
pesticides for aquatic use would be a de
crease in the "worst-case" philosophy. Fre
quently, estimated exposure concentrations 
for pesticides are based on worst-case as
sumptions, as well as the toxicological data 
to which these exposures are compared. 
With both of these as worst-case assump
tions, we currently have a very conservative 
situation as far as the margin of safety for the 
use of pesticide, 

As nuisance aquatic plant problems become 
more intense and widespread, and as the chemi
cals registered for aquatic use become fewer 
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and fewer, there is doubt that we can support 
the luxury of the unnecessarily large margins 
of safety between exposure concentrations 
and effects on nontarget species. 

In addition to the new regulations and 
approaches for aquatic registrations of herbi
cides, one would expect that the pesticide in
dustry would respond with new materials. 
These new materials would probably focus 
on three areas. The first area would be new 
uses or formulations of existing materials. 
This would include development of control
release systems as well as delivery systems 
that minimize off-target movement of the 
pesticides. 

A second development that will probably 
transpire is new and modem chemistries. 
There will probably be an intense focus on 
more natural products or naturally occurring 
herbicides and plant growth regulators. An 
intense effort is currently centered around 
"designer herbicides" that are developed 
us ing molecular structure-activity relation
ships that have been programmed into a com
puter. This requires a highly developed 
understanding of chemical activity, as well as 
a thorough understanding of plant physiology, 
mode of action, and movement of these mate
rials to active sites. These modern chemicals 
should give rise to more target specificity; 
this means that the modem pesticide should 
be more like rifles than shotguns in their ac
tion. They will minimize impacts on nontar
get species while maximizing the control of 
the target species. 

In addition, we can anticipate that micro
bial herbicides will receive considerable at
tention. These may be developed based on 
the Bacillus thurengensis model. These her
bicides may consist of bacteria or fungi that 
are pathogens which are host-specific for 
aquatic plants. This host specificity may be 
conferred by genetic engineering or through 
other approaches. 

This is an interesting and crucial time for 
registration of aquatic herbicides under 
FlFRA. The list of currently available herbi-
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cides for aquatic use is not large. 1,2 Under 
the reregistration process, some of the cur
rently registered chemicals may not be consid
ered by manufacturers for reregistration. 
Registrations may be denied based on the new 
toxicological and safety margin requirements. 

Additions of herbicides to currently regis
tered aquatic products may include such com
pounds as triclopyr and bensulfuron methyl. 
However, not many additional materials are 
"in the pipeline" for registration, for a variety 
of reasons. 

Herbicides have been widely used through
out the history of aquatic plant management. 
Most of these uses have resulted in minimal 
impacts on nontarget species. The EPA 
might argue that this is a success story for 
their registration process. Clearly, with their 

concerns for protection of nontarget species, 
it is unlikely that the registration process will 
become simpler or less costly. 

As the interest in the Nation's waterways 
grows and as the population increases (plac
ing more pressure upon these waterways), 
there is a high probability that the interest 
and need for aquatic herbicides will grow 
concomitantly. As these needs become appar
ent and as the cost of aquatic plant manage
ment using herbicides increases, new 
chemicals will probably be developed to 
meet the demand. 

Despite the cost to ensure environmental 
safety, it is likely that pesticide manufactur
ers will respond to the need for modern mate
rials that can meet the environmental 
standards that we establish. 

1	 K. H. Reinert and J. H. Rodgers, Jr. 1987. Fate and persistence of aquatic herbicides. ReYiews of 
Environmental Contamination and Toxicology 98:61-98. 

2	 H. E. Westerdahl and K. D. Getsinger, cds. 1988. Aquatic plant identification and herbicide use 
guide, 2 vols. Technical Report A-88-9. US Army Engineer Waterways Experiment Station, 
Vicksburg, MS. 
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Simulation Technology 

Historical Perspective and Overview 

by 
R. Michael Stewar/ t 

Historical Perspective 

The US Anny Engineer Waterways Experi
ment Station (WES) initiated development of 
computer-based simulation models in support 
of the Aquatic Plant Control Research Program 
(APCRP) during the ] 9705. Several simula
tion models were developed during these 
early efforts, including the HARVEST me
chanical control simulation model and the 
White Amur Stocking Rate model. These 
models are discussed in the following sections. 

HARVEST model 

The WES HARVEST mechanical control 
simulation model includes algorithms that 
simulate aquatic plant control cutting opera
tions, collecting operations, over-water trans
porting operations, and upland disposal 
(trucking) operations. As an analytical tool, 
the HARVEST model allows the user to test 
overall operational productivity (i.e., acres 
harvested per hour or tons of plant material 
harvested per hour) of existing or new de
signs of mechanical harvesting systems under 
"user" -defined operational and environrnental 
conditions. 

During execution of the HARVEST 
model, the user is allowed to define, through 
a series of model inputs (Table 1): (1) perfor
mance specifications of the mechanical sys
tem to be evaluated and (2) operational and 
(3) environmental conditions of the site to 
which mechanical control is to be applied. 

HARVEST model output (Table 2) provides 
a summary of the results of the simulation and 

Table 1 
Input Requirements 
of the HARVEST Model 

Equipment Performance Parameter. 

Harvester Cutter Width, It 
Harvester's Maximum Forward Speed, fUmln 
Harvester's Maximum Volumetric Throughput, cu ftIhr 
Harvester's TurnIng Time, min 
Harvester's Effective Storage Capacity, cu tt 
Transporter'S Changing TIme, min 
Transporter's Speed (loaded), ftlmin 
Transporter's Speed (empty), IVmin 
Transporter's Docking and Setup Time, min 
Transporter's Unloading Rate, tons/min 
Truck Speed (loaded), mph 
Truck Speed (empty), mph 
Truck Unloading Time. min 
Truck Capacity, cu yd 
Rental Rate lor Each Piece of Equipment, $/hr 

Operet!onel Pllremetera 

Harvesting Site Dimensions, It 
Distance from Harvesting Site (nearest corner) 

to Shore Takeout Point. It 
Distance trom Shore Takeout Point to 

Upland Disposal Site, miles 

Environ men tal Pa rem eter. 

Mean Harvestable Density of Aquatic Plants, tons/acre 
Mean Stacked Density of Harvested Plant Material, 

Ib/cu It 

is then used to evaluate overall system pro
ductivity of the simulated mechanical harvest~ 

ing operation. Examination of model output 
also allows the user to determine which me
chanical harvesting operation(s) (Le., cutting, 
collection, transporting, or onshore disposal) 
limits overall system productivity. This in
formation can then be used to plan for a more 
effective mechanical harvesting operation. 
Examples of speciflc applications of the 
HARVEST model can be found in Hutto 
(1982, 1984), Sabol (1983). and Sabol and 
Hutto (1984), 

1 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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Table 2 
Summary of HARVEST Model Output 

Total Size of Harvested Site, acres 
Total Mass of Plant Material Harvested, tons 
Total Number of Harvester Loads 
Total Time of Harvesting Operation, hr 
Average Speed of Harvester, fVmin 
Swath Width of Harvester, tt 
Percent Utilization of Harvester for Actual Harvesting 
Areal ProductJvlty of Harvesting Operation, acrasfhr 
Mass Productivity of Harvesting Operation, tonsfhr 
Total Harvesting Operation Cost and Cost per Acre, $ 
Trucking cost. $ 

STOCK model 

The WES White Arnur Stocking Rate model 
(AMUR/STOCK Version 1.0) is a biological 
control simulation model that provides infor
mation useful for detennining proper stock
ing rates of diploid white amw for control of 
dioecious hydrilLa. This model was developed 
during the "Large-Scale Operations Manage
ment Test (LSOMT) of Use of the White 
Amur for Control of Problem Aquatic Plants 
in Lake Conway, FLorida," A description of 
the algorithms and example applications of 
the AMUR/STOCK model are provided in 
Miller and DeceLI (1984). User inputs to the 
model that describe the environmental condi

-tions of the water body infested with the tar
get plant (e.g. hydrilla) and information on 
the proposed operational stocking pLan are 
shown in Table 3. 

Table 3 
Input Requirements of the AMURISTOCK 
Model 

Area of Photic Zone of Lake, acres 
Current Area 01 Lake Infested with Hydrilla, acres 
Maximum saasonal Density of Hydrilla, tons/acre 
Month to Stock White Amur 
Duration of Simulation, months 
Number of White Amur to Stock 
Average Weight of Fish to Stock, Ib 

Output from the AMUR/STOCK model 
gives monthly estimates of the remaining 
plant infestation and the white amur popula
tion levels for the period of the simulation. 
This output provides the user with informa
tion on the effectiveness of a proposed 
operational stocking of white arnur during 
the specified time period. 

Initially, both the HARVEST model and 
the AMUR/STOCK model were implemented 
on a mainframe computer at WES. Conse
quently, user access to these models was 
somewhat limited. In the early 1980s, both 
models were revised for execution on per
sonal computers (PCs) and were made avail
able for release during 1983. By 1989, WES 
had transferred over 150 of these models to 
various government agencies, organizations, 
and private businesses. 

Development of Computer~Aided 

Simulation Procedures 

In fiscal year (FY) 1985, the APCRP estab
lished a new thrust area entitled Computer
Aided Simulation Procedures. This thrust 
area was established to provide focus for this 
important technology area and to consolidate 
future APCRP model development efforts. 
Sabol (1985) identified the long-range goals 
of the newly created technology area and 
included a list of target aquatic plants and 
operational control techniques for which sim
ulation models could be developed. Current 
work includes development of simulation 
models for the plants and control techniques 
listed in Table 4. 

To support the goals of the Computer-Aided 
Evaluation Procedure technology area, four 
research task areas have been established: 
(l) plant growth simulations, (2) biological 
control simulations, (3) chemical control sirn
ulat ions, and (4) aquatic plant database devel
opment. Brief descriptions of these task areas 
are presented in the following sections. 

Plant growth simulations 

Objective. The objective of this task area 
is to develop PC-based plant growth models 
for waterhyacinth, hydrilla, Eurasian water
milfail, and waterLettuce. These plant growth 
models will be structured to function inde
pendently or as functional modules within 
"coupled" simulation models of biological 
and chemical control techniques. 
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Table 4 
Target Aquatic Plants and Operational 
Control Techniques for Which Simulation 
Models Are Being Developed 

Target Plant 
Category of 
Control 

Control 
Technique/Agent 

Waterhyacinth Chemical 

Biological 

2,4-0 (OMA) 
Oiquat 

Neochetina eichhomiae 
Neochetina bruchi 

Hydrilla Chemical 

Biological 

2,4-0 (BEE) 
Oiquat 
Endothall 
Fluridone 

White amur 
Bagou5 alfinls 
Hydrellia pakistanae 

Eurasian 
watermilfoil 

Chemical 

Biological 

2,4-0 (BEE) 
Oiquat 
Endothall 
Fluridone 

While amur 

The developmental effort includes (1) de
velopment of a generalized conceptual frame
work for plant growth models of aquatic plant 
species, (2) for each plant species, develop
ment of a first~generation computer-based 
plant growth model that will simulate the bio
mass growth of an infestation of the targeted 
plant over a range of time periods under user
selected environmental conditions, (3) testing 
of the functional relationships used in the 
model with laboratory and controlled fIeld 
data, (4) coordination with APCRP plant 
ecology researchers to develop improved 
plant growth relationships for incorporation 
into the plant growth models, as these needs 
are identified in testing (element 3 above), 
and (5) release of PC-based versions of the 
models to interested users. 

Accomplishments through FY 90. Gen
eralized conceptual models for plant growth 
have been developed for both floating and 
submersed aquatic plants. First-generation 
plant growth models were completed for 
waterhyacinth in FY 87 (Akbay, Wooten, and 
Howell 1988), for hydrilla in FY 89 (Wooten 
1989,1990), and for Eurasian watermilfoil in 
FY 90. Validation tests for the waterhyacinth 
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and hydrilla plant growth models have been 
conducted with available laboratory data and 
with field data from Florida and Texas. Con
trolled field studies have been designed and 
were initiated at the Lewisville Aquatic Eco
system Research Facility (LAERF) to develop 
improved plant growth relationships for the 
waterhyacinth model. A 3-year field data col
lection effort was initiated in FY 90 at Gunters
ville Reservoir to provide validation data for 
testing and refmement of hydrilla and Eurasian 
watermilfoil plant growth models. 

FY 91 activities. Activities scheduled for 
FY 91 will focus on continued collection of 
validation data sets for further testing of ex
isting fust-generation plant growth models. 
Field validation data will be collected at 
monthly intervals for hydrilla and Eurasian 
watermilfoil growth at Guntersville Reser
voir, Alabama. Researchers at the LAERF 
will continue collecting controlled field vali
dation data for testing of the waterhyacinth 
growth model. As part of these studies, data 
are being collected to test and refine relation
ships for waterhyacinth respiration during 
winter periods. Additionally, data will be 
collected to test relationships for other plant 
growth processes as influenced by seasonal 
changes in environmental conditions, and 
also as affected by gross differences in water 
nutrient levels. 

Biological control simUlations 

Objective. In this task area, PC-based 
simulation models of the various biological 
control agents available for aquatic plant con
trol are being developed. These models are 
being structured as three major modules or 
components. Module I will address re
sponses of biocontrol agent populations to 
specified conditions of temperature and solar 
radiation over a selected time period. Mod
ule II will generate a plant growth simulation 
for the targeted plant infestation under the 
same environmental conditions and time pe
riod. This module will be a functional ver
sion of the appropriate plant growth model 
discussed above. Module III will account for 
ecological interactions between the biocontrol 
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agent population and the plant population. 
The primary function of Module III is to pre
dict the damage that the biocontrol agent 
population will inflict on the targeted plant 
infestation. 

Work to be conducted includes (1) devel
opment of a generalized conceptual frame
work for a simulation model of biocontrol 
agents, including a biocontrol agent popula
tion dynamic module and a biocontrol agent 
host-plant interaction module, (2) development 
of a first-generation computer-based biologi
cal control model that simulates the effects 
of specific biocontrol agents on their host 
plant, (3) testing of the functional relationships 
of the separate modules, and of the coupled 
modules, with available laboratory and field 
data. (4) coordination with APCRP biocontrol 
technology researchers to develop improved 
relationships for modeling biocontrol systems, 
and (5) release of documented PC-based 
versions of the models to interested users. 

Accomplishments through FY 90. Gen
eralized conceptual models have been devel
oped for fish and insect biocontrol agents of 
aquatic plants. A first-generation model 
(INSECT) of the waterhyacinth and Neo
chetina weevil biocontrol system was com
pleted in FY 87. Akbay, Wooten, and 
Howell (1988) give a detailed description of 
the INSECT model. Continued validation ef
fons of the INSECT model have identified 
several processes of the Neochetina and 
waterhyacinth biocontrol system which re
quire additional research (Akbay, Wooten, 
and Howell 1988; Grodowitz and Stewart 
1989; Howell and Stewan 1989). In this re
gard, collaborative research has been under
taken at the LAERF. Additionally, a revised 
White Amur Stocking Rate model was devel
oped in FY 89. The revised model allows 
simulations to be produced for impacts of 
this biocontrol agent on multiple plant spe
cies. Example applications of this model are 
provided by Boyd and Stewart (1990) and by 
Boyd and Stewart (1991) for conditions at 
Guntersville Reservoir. 

Stewart 

FY 91 activities. An interim User's Man
ual for the INSECT model will be completed 
and distributed to selected agencies for evalua
tion during FY 91. Additionally, development 
of a second version of this model will be initi
ated for the Hydrellia paJdsranae and hydrilla 
biocontrol system. Data collection efforts and 
validation testing of the White Amur Stocking 
Rate model will also be accomplished. 

Chemical control slmulatJons 

Objective. The objective is to develop 
PC-based simulation models for available 
chemical control techniques. These models 
will also consist of separate modules. Mod
ule I will generate simulations for the fate of 
herbicides in the environment following ap
plication. This infonnation will be used to 
calculate an exposure of the target plant infes
tation to the herbicide. Module II will deter
mine percent mortality to the target plant 
infestation resulting from the exposure. Mod
ule ill will be a functional version of the ap
propriate plant growth model and will produce 
a simulation for the "regrowth" of the treated 
plant infestation following the simulated 
herbicide application. 

The development effon for the chemical 
control simulation model is similar to that de
scribed above for plant growth and biological 
control simulations. All research activities 
undertaken to develop improved relationships 
for processes affecting chemical control tech
niques are being coordinated closely with re
searchers in the Chemical Control Technology 
area. 

Accomplisbments through FY 90. A 
generalized conceptual framework for a cou
pled herbicide fate and target plant response 
model was completed during FY 87. A first
generation model, HERBICIDE, was com
pleted during FY 88 (Clifford, Rodgers, and 
Stewart 1989). This initial version of the 
HERBICIDE model includes relationships 
for the fate of aerial-applied 2,4-D (DMA) 
and the resulting effects of the application on 
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waterhyacinth. Validation testing of this 
model was continued through FY 89 (Clif
ford, Rodgers, and Stewart 1990). A new ver
sion of the HERBICIDE model was also 
developed during FY 90 which includes fate 
and effects relationships for applications of 
four other herbicides (2,4-D (BEE), diquat, 
endothall, and fluridone) on hydrilla and Eur
asian watermilfoil (Rodgers, Clifford, and 
Stewart 1991). 

FY 91 activities. During FY 91 a User's 
Manual and Technical Report will be pre
pared on the HERBICIDE (Version 1) model, 
and the model will be distributed to interested 
users. Additionally, validation tests will be 
conducted for fate and effects relationships 
included in the new version of the model. 

Aquatic plant database development 

Objective. The objective of this research 
area is to develop comprehensive environ
mental databases, in digital format, that are 
compatible with computer-based simulation 
models of plant growth and biological and 
chemical conuol techniques. These databases 
will contain information for specified water 
bodies on plant infestation levels, weather 
conditions, and other site-specific environ
mental conditions that affect aquatic plant 
growth and control technique effectiveness. 
Work efforts will include compiling database 
information on selected water bodies, devel
oping digital databases for this information, 
and demonstrating the applicability of these 
databases for development, evaluation, and 
use of aquatic plant control simulation models. 

Accomplishments through FY 90. A 
two-level database structure was designed to 
provide information on a broad geographical 
base (Level 1) and on a site-specific base 
(Level II). The Level I database will contain 
regional weather data and will be used in 
conjunction with the simulation models to 
evaluate the effects of different geographical 
weather conditions on aquatic plant growth and 
control technique impacts. The Levelll data
bases will contain site-specific information for 
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environmental conditions in selected water 
bodies. Level I databases have been devel
oped for Florida, Lousiana, Texas, and Ten
nessee in the southeastern region. Level II 
databases are under development for Lake 
Marion, South Carolina (Welch and Remillard 
1991), and for Guntersville Reservoir, Ala
bama (Kress, Causey, and Ballard 1990). 

FY 91 activities. During FY 91, Level I 
databases will be developed for the Midwest
ern and North Pacific regions. Level IT 
database development will continue at Lake 
Marion and at Guntersville Reservoir. Addi
tionally, the coupling of Level II databases 
and aquatic plant control simulation models 
will be demonstrated for the Guntersville 
Reservoir database. 
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Plant Growth Simulation Models 

by
 
Jean W. Wooten l and R. Michael Stewar?
 

Introduction 

The Aquatic Plant Control Research Pro
gram has sponsored the development of 
computer-based plant growth simulation mod
els to assist in the transfer of information on 
nuisance levels of aquatic plant growth to 
aquatic plant managers. In this regard, the mod
els have been designed to provide users with in
fonnation relevant to temporal occurrences and 
levels of aquatic plant infestations under water 
body-specific environmental conditions. Addi
tionally, these models are designed to interface 
with simulation models of biological and chem
ical control techniques and to generate infonna
tion useful for implementing effective aquatic 
plant management activities. 

First-generation plant growth models have 
been completed for waterhyacinth (Eichhornia 
crassipes (Man.) Solms), hydrilla (Hydri/la 
verticillata (L.f.) Caspary), and Eurasian 
watermilfoil (Myriophyllum spicatum L.). 
Earlier descriptions of these models are pro
vided in Akbay, Wooten, and Sabol (1988) 
and Wooten (1989, 1990). This paper provides 
a brief overview of the hydrilla (HYDRILLA) 
and Eurasian watennilfoil (MILFOIL) mod
els. Additionally, the simulation results for 
Eurasian watermilfoil plant biomass gener
ated by the MILFOIL model are compared 
with the plant biomass estimates from 1990 
field studies conducted at Guntersville Reser
voir, Alabama. 

Overview of the Models 

Model characteristics 

Because the plant growth models are 
being developed to function as technology 
transfer tools, the models have been designed 
with the following characteristics in common: 

•	 The models shall function on all PCI 
DOS-compatible personal computers, 
with the restriction that an 80287 math
coprocessor be installed in the machine. 

•	 The models shall execute in a user
friendly, interactive mode, which re
quires minimal user entry of information. 

•	 Weather data needed to support model 
execution shall be provided as part of 
the software package. 

•	 Simulation calculations shall be made 
on a daily basis during the simulation 
period, and results for each update pe
riod shall be available through tabular 
screen display, graphical screen display, 
or hard-copy output. 

•	 The simulations shall be generated for 
any number of days, up to a maximum 
period of 3 years (i.e. 1,095 days). 

1 University of Southern Mississippi, Depa.rtment of Biologica.l Sciences, Hattiesburg, MS. 
2 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 

257WES MP A·91-3, June 1991	 Wooten & Slewart 



Simulation Technology 

Model Input requirements 

Though user input requirements to the 
models have been minimized in an effort to 
maintain user-friendliness, the models do re
quest the following information from the user 
during execution: 

•	 The Julian day (i.e., calendar day 1 
through 365) for the fust day of the 
simulation period. 

•	 The number of years of the simulation 
period. 

•	 The Julian day for the last day of the 
simulation period. 

•	 The choice of available weather data 
files to use in the simulation. 

•	 The dry weight plant biomass (kg/m2) 
on the first day of the simulation period. 

•	 A choice as to whether the plants in 
the simulation will overwinter "intact" 
or experience "dieback." 

•	 The average depth of the water body. 

•	 The Secchi depth disk of the water 
body. 

•	 For the hydrilla model only, an estimate 
of the level of tuber production (i.e., 
High, Medium, or Low) to be used for 
the simulation, and a choice as to 
whether mature tubers are present on 
the first day of the simulation. (If 
Yes, the number of tubers per square 
meter on the first day is also required.) 
Additionally, during initialization of 
the HYDRlLLA model, the user must 
select a pH range from a list of choices 
that best describes conditions in the 
water body. 

Wootan & Stewar1 

Assumptions of the models 

In the development of all first-generation 
simulation models, basic assumptions regard
ing important process relationships must be 
made in order to overcome lack of complete 
knowledge of the system being modeled. 
During development of the first-generation 
hydrilla and Eurasian watennilfoil plant 
growth models, the following basic assump
tions regarding important plant growth pro
cesses were made: 

•	 The photosynthetic and respiration rates 
of the plants are functions of the prevail
ing temperature and light intensity; past 
temperature and light experience have 
no effect on the current rates other than 
by affecting the mass of the plants for 
the previous simulation update period. 

•	 No adaptive changes in leaf structure 
or function are made by the plants in 
response to environmental conditions. 

•	 Day and night plant respiration rates 
are equal. 

•	 The rates of plant respiration are not 
dependent on plant size and age. 

•	 Plant growth is not limited by nutrient 
levels in the water body. 

Preliminary Comparisons
 
of MILFOIL Model SimulatIon
 

Results with Guntersville
 
Reservoir Field Data
 

Plant biomass estimates 
for Guntersville Reservoir 

As part of the 5-year Guntersville Reservoir 
aquatic plant management project being jointly 
conducted by the Tennessee Valley Authority 
(TVA), the US Anny Engineer Waterways Ex
periment Station (WES), and the US Army 
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Engineer District, Nashville, Eurasian water
milioU (hereafter referred to as milfoil) bio~ 

mass samples were collected in Guntersville 
Reservoir during 1990. Site locations were 
selected from aerial photographs taken in late 
summer 1989, in an effort to locate sites within 
established milfoil colonies. Sites were sam
pled at monthly intervals from April through 
October, and again in December 1990. Sam
ples were collected using the WES square-head 
submersed aquatic plant biomass sampler de
scribed by Sabol (1984). This sampling device 
is desigped to collect all plant material within a 
O.39-m area of the water column. 

Summaries of the plant biomass data are 
given for the three milfoil sites in Table 1. 
These data indicate that plant growth at the 
Chisenhall and Brown's Creek sites produced 
significant increases in milioil biomass during 
the growing season. Plant biomass estimates at 
these two sites increased through the summer 
months and then declined to levels similar to 

Table 1 
Summary of Water Depths Bnd 
Monthly Plant Biomass Estimates 
at the Three MllfoU Sites 

Willer Deplh Dale ofSite Plant Blom8881 

Identlflcallon (Mean ± SO) COllection (Mean ± SO) 

4/24190Chisenhall 2.16 019 0.0362 0.0392 
5/22190 0,0670 0,0935 
6/251g0 0.1619 0.1379 

0,5258 0,39767/24190 
1.0260 0.61068/21190 

9/18190 0.5938 0.4267 
0.3924 0.297810115190 

12111190 0.0665 0.0541 

Brown's 2.28 0.40 4/26/90 0.0159 a.01n 
Creek 5/23/90 0.1117 0.1032 

0.2155 0.27956/27/90 
7/25/90 0.7036 0.6340 

0.6914 0.83718/22190 
9/20/90 0.6991 0.8097 

10117/90 0.3317 0.4397 
0.0785 0,123212112190 

Pine Island2 2.68 0.15 4/25/90 0.0190 0.0189 
0.0185 0.02075/22190 

6/26/90 0.0061 0.0111 
7/24/90 0.0016 0.0036 

0.0002 0.00078121190 

I Mean values reported as kilograms per square meter 
(fresh weight). 

2 Sample collection was discounted al the Pine Island sile 
atter August due to the limited amount of milfoil growth. 

those recorded in April 1990 samples during 
the fall and winter months. Plant biomass esti
mates at the Pine Island site, however, did not 
show these typical patterns of milfoil growth. 

MILFOIL model 
simulation results 

The MILFOlL plant growth simulation 
model was used to generate daily estimates of 
plant biomass for comparison with estimates 
from the monthly field data for the Chisen
hall site. The Mll..FOIL model was initial
ized to begin a simulation on Julian day 112 
(24 April) and end on Julian day 365. Meteo
rological conditions for initializing the model 
for Guntersville Reservoir were compiled 
from historical records and updated with ac
tual field measurements where possible. 

Number of daylight hours was calculated 
for Guntersville Reservoir (latitude 34.3 deg 
N) by interpolation of values reported for 

other latitudes (Figure 1). Solar radiation 
values are average daily solar radiation 
values reported for Nashville, TN, for the 
4-year period 1977 through 1980 (Figure 2). 

Water temperatures are derived from tem
peratures reported by TVA for Guntersville 
Reservoir at Nickajack Dam tailrace for the 
5-year period 1980 through 1984 (Figure 3). 
The Secchi disk depths were calculated by 
interpolating between Secchi readings mea
sured at the Chisenhall site on the nine 1990 
sampling dates (Figure 4). Water depth was 
set at 2.2 meters (Table 1). 

Dry weight plant biomass for model 
initialization was 0.004 kg/m2, a value 
approximating 10 percent of the 24 April 
1990 fresh weight biomass estimate for 
the Chisenhall site (Table 1). 

A comparison of plant biomass esti
mates generated by the MILFOIL model 
with estimates from the Chisenhall field 
study is provided in Figure 5. In this fig
ure, field data are plotted as means, with 
vertical bars representing the 95-percent 
confidence intervals (TO.025,24) of the 
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means. As illustrated in Figure 5, the plant 
biomass estimates from the MILFOIL model, 
which are represented by the solid line, com
pare well with estimates from the field study. 
MTLFOIL model-derived estimates are well 
within the confidence intervals of six of the 
seven monthly field estimates. Model
generated estimates were extremely close to 
field estimates during the spring regrowth pe
riod, and estimates of peak. biomass during 
summer months were comparable. 

Planned studies 

During fiscal year 1991, additional field 
data sets will be collected at Guntersville Res
ervoir for further comparison with MILFOIL 
model simulation results. Additionally, field 
estimates for biomass levels in hydrilla colo
nies in Guntersville Reservoir will be deter
mined and compared with HYDRILLA model 
simulation results. Our current environmental 
and meteorological database will be improved 
to allow more proper initialization of these 
models for Guntersville Reservoir conditions. 
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Simulation Technology 

Biocontrol Simulations 

by 
William A. Boyd 1and R. Michael Stewart' 

Introductlon 

Aquatic plant infestations can cause signif
icant problems with the intended use of many 
of the Nation's waterways. Several methods 
are now available to control aquatic plants, 
including mechanical, chemical, and biological 
techniques. Of these three broad categories of 
aquatic plant control methods, biological con
trol techniques are perhaps the most difficult to 
effectively apply because these techniques rely 
on the action of a biological agent. 

Proper application of biocontrol techniques 
can be made easier by the use of cornputer
aided biocontrol simulation models. Two 
computer-based biocontrol simulation models, 
which contain plant growth and biological 
control agent algorithms, have been developed 
by the Waterways Experiment Station (WES) 
to help aquatic plant managers determine 
proper applications/use of biological control 
techniques. 

One of these models, INSBCT Version 1.0, 
simulates interactions between waterhyacinth 
plants (Eichhornia crassipes) and Neochetina 
weevils; the other, AMUR/STOCK Version 
1.5, simulates the growth of white amU! fish 
and the impacts the fish will have on target 
plants (e.g., hydrilla and Eurasian watennil
foil). INSECT is described in detail by 
Akbay, Wooten, and Howell 1988), and up
dates to the model are described in Howell, 
Akbay, and Stewart (1988) and Howell and 
Stewan (1989). 

This paper gives a brief description of the 
AMURISTOCK (Version 1.5) model and pres
ents preliminary AMUR/STOCK simulation 
results for GW1tersville Reservoir, Alabama. 

Description of AMURISTOCK 
(Version 1.5) 

The AMUR/STOCK model was developed 
to provide users with a computer-based, 
systematic evaluation tool for answering 
"what if' questions regarding the impacts to 
target plant infestations resulting from 
different white arnur stocking strategies. 

In this context, stocking strategies to be 
evaluated by the AMUR/STOCK model may 
differ by the size of white amur stocked, the 
number of fish stocked. the number of times 
fish are stocked, the species of aquatic plants 
present, the acreage of eaeh aquatic plant's 
infesration, the maximum seasonal density 
(tons per acre) of the plant(s). the annual 
water temperature regime of the water body, 
or the time period for the simulation. 

An earlier version of the AMUR/STOCK 
model (Miller and Decell 1984) used several 
basic relationships to simulate the growth of 
hydrilla and the consumption of hydrilla by 
white amur, over a user-specified period of 
time. Hydrilla growth for the period was cal
culated as a function of the previous month's 
standing crop and a growth rate factor for the 
current month. 

The growth rate factor was determined 
using relationships for season, water tempera
ture, photoperiod, water body carrying capac
ity for hydrilla, and hydrilla cropping by white 
amU!. By selecting proper input values, the 
user could generate hydrilla plant growth simu
lations for the panicular environmental condi
tions of the water body being considered. 

1 US Army Engineer Waterways Experiment Station, Vicksbwg, MS. 
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The AMUR/STOCK (Version 1.5) model 
(Boyd and Stewart 1990) includes two addi
tional sets of relationships for season, water 
temperature, photoperiod, water body carrying 
capacity, and plant cropping that have been 
developed for calculating growth rates of 
Eurasian watermilfoil and a complex of an
nual species found in Guntersville Reservoir. 
These relationships were established for the 
Guntersville Reservoir conditions using sea
sonal plant biomass data for these species as 
reported by the Tennessee Valley Authority 
(1983, 1987, 1989). 

In addition, new relationships were estab
lished for fish feeding and growth in the 
AMURJSTOCK model to expand the applica
bility of the model for white amur genetic 
variants other than diploids, and to plant spe
cies other than hydrilla. In general, these 
relationships incorporate the white amur 
feeding, growth. and mortality relationships 
included in the Illinois Herbivorous Fish 
Simulation System, as reported in Wiley and 
Gorden 1985, Wiley et a1. (1985), and Wiley 
and Wike (1986). 

AMURISTOCK Simulation Results 
for Guntersville ReservoJr 

In 1989 the Tennessee Valley Authority 
(TVA) asked WES to assist them in determin
ing a stocking rate of triploid white amur that 
would support TVA's long-range aquatic plant 
management objective for Guntersville Reser
voir. Guntersville Reservoir is a 68,OOO-acre 
TVA-managed reservoir on the Tennessee 
River. The TVA aquatic plant management 
objective included gradually reducing the 
aquatic plant infestation level from the 
20,000 acres reported in 1988 to approximately 
6,800 acres, or 10 percent of the reservoir 
surface area. Control below 3,400 acres, or 
5 percent of the reservoir surface area, was 
not desired. 

Boyd and Stewart (1990) presented results 
of several simulation scenarios that were gen
erated in response to TVA's 1989 request. 
All simulation results reported therein, which 

Simulation Technology 

were generated using "prestocking" plant 
infestation levels approximating those re
ported for 1988, indicated that a minimum of 
200,000 fish would be required to achieve 
TVA's aquatic plant management objectives. 
Boyd and Stewart (1990) recommended that 
1988 estimates of aquatic plant infestation 
levels be confmned during the following 
years to help validate prestocking conditions. 

Aerial surveys conducted by TVA during 
the fall of 1989 and 1990 indicated that dra
matic reductions in the plant infestation levels 
occurred. Field studies conducted during 
1990 by TVA and WES have provided better 
estimates for plant biomass levels in infested 
areas. Based on these measurements, addi
tional simulations were generated for plant 
infestation levels reported for 1989 and 1990. 

For these simulations. the AMURISTOCK 
model was initialized with a water tempera
tme data file (Figure 1) that represented the 
average median monthly water temperature 
measurements from Nickajack Dam tailrace 
during the period 1984 through 1987 (TVA, 
unpublished data). 

The following paragraphs summarize the 
model initialization conditions and simulation 
results for a 1989 simulation scenario and a 
1990 simulation scenario. The model initial
ization conditions included the following m
fonnation: (a) infested acreage by plant 
species, (b) estimates of maximum seasonal 
fresh weight biomass by plant species, 
(c) number and size of white amur stocked, 
and (d) month of stocking. 

Simulation results are presented for the fol
lowing: (a) monthly standing crop estimates 
for each plant species over a I-year simulation 
period without impacts from white amur, 
(b) the highest monthly standing crop esti
mate for each plant species and for all spe
cies combined without impacts from white 
amur, and (c) the highest monthly combined 
standing crop estimates for each year of a 
10-year simulation period with impacts from 
white amur. 
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Simulation results for 1989 conditions 

Monthly plant standing crop estimates for a 
I-year period under 1989 aquatic plant infesta
tion levels (Table 1) are shown in Figure 2. 
These plant growth simulations do not include 
impact (feeding) from white amur stockings. 
As shown in Figure 2, plant standing crop esti
mates of all three plant species were highest 
during June through August. Figure 3 summa
rizes the highest estimates and shows that the 
highest combined standing crop for all three 
species was 123,700 tons. 

Table 1 
Simulation Conditions for 1989 Conditions 

Infesled ArlJa 

Plant Species Aoreage 

11,000 
2,000 
1,000 

Eurasian watermilfoil 
Hydrilla 
Annual species 

Maximum SeBSonal Biomass 

Planl Speclea Ton8lAcre 

7.1 
20.0 
5.6 

Eurasian watermilfoil 
HydriUa 
Annual species 

While Amur Siocked 

Slocklng TIme Number Siocked Avg Size 

May, Year 1 
June, Year 1 
July, Year 1 

35,000 
50,000 
15,000 

0.751b 
O.751b 
0.751b 

The standing crop simulations presented 
in Figure 4 are the combined maximum 
monthly plant weight estimates for all plant 
species for each year over a 10-year period. 
Input conditions were identical to Table 1 
conditions used to generate simulations sum-

Table 2 
Assumed Proportions of Fish Feeding on Each Plant Type 
During Each Year of Simulations for 1989 ConditIons 

Planl 
Type VR1 VR2 VR3 YR4 VAS VR6 VA7 VA8 VR9 VR10 

Annuals .50 .11 .00 .00 .00 .00 .00 .00 .00 .00 

Hydrilla .50 .89 .78 .60 .55 .52 .52 .52 .52 .67 

Milfoil .00 .00 .22 .40 .45 .48 .48 .48 .48 .33 

Simulation Technology 

marized in Figure 3, except that these esti
mates include multiple white amur stockings 
of 35,000 fish in May, 50,000 in June, and 
15,000 in July during Year 1 of the simula
tion period. All fish were assumed to weigh 
0.75 lb at the time of stocking. The propor
tion of fish used in the separate simulations 
for each plant species is shown in Table 2. 

Based on plant preference and availability 
assumptions, the stocked fish were assumed 
to be equally distributed between the annuals 
and hydrilla during Year 1. As fewer fish 
were required for complete control of the an
nuals during Year 2, a larger proportion of 
the fish fed on hydrilla. The assumption was 
made that the annuals would not produce sig
nificant regrowth following 2 yeats of heavy 
feeding pressure, and therefore would not be 
available for the fish to feed on after Year 2. 
In Year 3, about 80 percent of the fish re
maining were needed to effectively control 
hydrilla, and the remaining 20 percent fed on 
Eurasian watennilfoil. 

The proportion of fish feeding on hydrilla 
gradually declined each year until Year 6, 
when about 50 percent of the fish were 
needed to effectively control hydrilla. The 
proportions remained the same until Year 10, 
when 67 percent of the fish were needed to 
control hydrilla. The increase in the propor
tion of fish needed to control hydrilla in Year 
10 was due to fish mortality. As fewer fish 
were present, a greater proponion was needed 
to control hydrilla. Consequently, the level of 
control exerted by the fish on Eurasian 
watermiJfoil was reduced during Year 10. 

Based on the set of input conditions and 
assumptions for 1989, 
simulation results 
showed control of the 
annuals at the end of 
Year 1 and of the 
hydrilla at the end of 
Year 2 (see Figure 4). 
The stocked fish then 
produced a gradual de
cline in the Eurasian 
watermilfoil standing 

WES MP A-91-3, June 1991 Boyd & Stewart 269 



c 

-l 

CJ) 
-.../
J\) 

3"o 

!iI 
0" 

MILfOIl 
11.000 ACRES 
7.1 TONS/ACRE 

HYDRIUA 
2.000 ACAES 
20.0 TONS/ACRE 

...... 

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

~100,000co 
o OJ)'< o0 ::r 

o 
~A ANNUAlSll" 

1.000 ACRESen 0" 
lOlD 5.6 TONS/ACRE '< 

~ 
I'l -en:l 80,000z -o -

l-l- 60,000 ... -I
 
(!J
-UJ
 

40,000
~ 
l 

Z
 

20,000::i 
a.. 

---~ 
o 

MONTH~ 
m 
r.n 
s:: 
"1) 

> w Figure 2. MOnJh]y standing crop estimales/or each plont specks under 1989 aqlUltic pll.urJ injesJaJion levels wiJhout white amur stockings
l, 

c... 
~ 
<l) 

<C 
tV 

C 



:::: 
m 
(J) 

s: 
"'IJ 

» 
.0 

.w 
<... 
C 
j 
<!l _ 
(0 enID 

250,000
 

225,000
 

200,000
 

zo 175,000 

I 
I- 150,000 

I 
-
(9 125,000 

W
:s: 100,000 

I  7'8,100 

Z::i 75,000 

a.. 50,000 

25,000 

° 
MILFOIL 

OJ 
o 
'< 
Q. 

!l" 
(f) 

ill ANNUAlS 
UXXJ AC A£S 
5.6 TONS/ACRE 

~ HYORIUA 
2.000 ACRES 

•
mOlONS/ACRE 

MILFOIL 
11.000 ACRES 
7.1 TONS/ACRE 

123,700 

·]~Y~~i3T)~ 

TOTAL
 

4U000 

HYDRILLA ANNUALS 

PLANT SPECIES 
C/) 

3 
c 
?IFigure 3. Highest 1tI()nthly standing crop estimates (jor ~ch plant species and/or aU species combined) under 1989 aquatk 0·i 

III planJ infestation le~els without white amur stockings 
j 

;l -l 
Cl) 

o 
~ 
::;) 

o 
(\) 0" - <C'l

"< 



-I 

N 
-J 
N 

OJ o 
'< a. 
~ 

(/J 

<D 
:l: 
~ 
:J. 

$ 
z o 
t:.. 
I 
~ 

(,:) 
m 
3: 
I
Z 
:5 
0.. 

2 3 4 5 6 
YEAR:E 

m 
(/J 

s::: 
"'t;I 

» 
<b 

~ ~ 

~ 

ANNUALS 
1,000 ACRES 
5.6 TONS/ACRE 

HYORIUA 
2,000 ACRES 
20 TONS/ACRE 

MILFOIL 
11 .000 ACRES 
7.1 TONs/ACRE 

7 8 9 10
 

(J) 

3" 
c: 
eI 
o 
::J 

II) 

~ " :::> 
o 
o 

<0 
'< 

MINIMUM CONTflOL DESIRED 
48,280 TONS (6,800 ACRES) 

MAXIMUM CONlROL DESIRED 
24.140 TONS (3.400 ACRES) 

Figure 4. Peak annual standing crop estimaJes/rom a set of10-year simulations conducted under 1989 (UJuaJic plJlnt mfeSIIJJUm levels with while amur
/.iJ sttJcldngs (35,OOOjish in May, 50,000 in JUM, and 15,000 in July o/Year 1). See textforassumptkJns 1tUUie regardingjishjeeding. Dashed lines 
c... 

::J mark upper and wwer limits of the maintenance infestation le~el desired by TVA. These levels represent the product of5 and 10 percenJ o/the 
ell reservoir being infested oJ maximum standing crop levels/or mil/oil 
<0 
<0 

C 



crop. By Year 6 of the 10-year simulation pe
riod, the combined standing crop of all species 
was brought near the desired control level 
of 48,280 tons. Because of fish mortality, 
however, the combined plant standing crop 
began to increase in Year 8, and increased to 
approximately 72,000 tons in Year 10 (see 
Figure 4). 

Simulation results for 1990 condltJons 

Monthly plant standing crop weight esti
mates for a I-year period under 1990 plant 
infestation levels (Table 3) are shown in 

Table 3 
Simulation Conditions for 1990 Conditions 

Infealed Area 

Plant Speoles Acreage 

Eurasian watermilfoi! 7,000 
2,000Hydrilla 
1,000Annual species 

MlIXlmum Seasonal Blomsss
 

Plant Species
 Tons/Acre
 

Eurasian watarmllfoll
 7.1 
20,0Hydrilla 

Annual species 5.6 

White Amur Stocked
 

Stocking TIme
 Number Siocked Avg Size 

May, Year 1 0.751b 
June, Year 1 

35.000 
0.75 Jb50,000 

July, Year 1 15,000 0.751b 

Figure 5. These plant growth simulations 
do not include impacts (feeding) from white 
arnur stockings. As shown in Figure 5, plant 
standing crop estimates of all three species 
were highest during the months of June through 
August. Figure 6 summarizes the highest esti
mates and shows that the highest combined 
standing crop for all three 
species was 95,300 tons. 

The standing crop 
estimates presented in 
Figure 7 are the com
bined maximum monthly 
weight estimates for all 
plant species for each 
year' over a 10-year 

Simulation Technology 

period. Input conditions are given in Table 3 
and were used to generate simulations sum
marized in Figure 6, except that these esti
mates include multiple white amor stockings 
of 35,000 fish in May, 50,000 in June, and 
15,000 in July during Year 1 of the simula
tion period. All fish were assumed to weigh 
0.75 lb at the time of stocking. The propor
tion of fish used in the separate simulations 
for each plant species is shown in Table 4. 

Based on plant preference and availability 
assumptions, the stocked fish were assumed 
to be equally distributed between the annuals 
and hydrilla during Year 1. Fewer fish were 
required for complete control of the annuals 
during Year 2; thus, almost 90 percent were 
assumed to feed on hydrilla. The assumption 
was made that the annuals would not produce 
significant regrowth following 2 years of 
heavy feeding pressure, and therefore would 
not be available for the fish to feed on after 
Year 2. In Year 3, over 75 percent of the fish 
remaining were needed to effectively control 
hydrilla, and the remaining fish fed on Eura
sian watermilfoil. 

The proportion of fish feeding on hydrilla 
gradually declined each year until Year 6, 
when about 50 percent of the fish were 
needed to effectively control hydrilla. The 
proportions remained the same until Year la, 
when 67 percent of the fish were needed to 
control hydrilla. The increase in the propor
tion of fish needed to control hydrilla in Year 
10 was a result of fish mortality, as discussed 
for the simulation results for 1989 conditions. 

Based on the set of input conditions and 
assumptions for 1990, the simulation results 
showed control of the annuals at the end of 

Table 4 
Assumed Proportions of Fish Feeding on Each Plant Type 
During Each Year of Simulations for·1990 Conditions 

Plsnl 
Type YR1 YR2 YR3 YR4 YRS YR6 YR7 YRS YR9 YR10 

Annuals .50 .11 .00 .00 .00 .00 .00 .00 .00 .00 

Hydrilla .50 ,89 .78 .60 .55 .52 .52 .52 .52 .67 

MilioH .00 .00 .22 .40 .45 .48 .48 .48 .48 .33 
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Year 1 and of hydrilla at the end of Year 2. 
By Year 3 of the 10-year period, the com
bined standing crop of all species was 
slightly below the desired level of control, 
48,280 tons (6,800 acres). During following 
years, through Year 8, the plant standing 
crop was reduced to a level near the maxi
mum desired control level of 24,140 tons 
(3,400 acres). During Years 9 and 10, the 
plant infestations increased but still remained 
below the desired level of control (48,280 tons 
or 6,800 acres). 

Discussion 

Simulation results reported in Boyd and 
Stewart (1990) and herein were generated 
using "prestocking" conditions approximating 
1988, 1989, and 1990 Guntersville Reservoir 
aquatic plant infestation levels as reponed by 
TVA. However, plant infestation levels in 
Guntersville Reservoir have declined from 
20,000 acres in 1988 to 10,000 acres in 1990. 

Simulation results reported in Boyd and 
Stewart (1990) for 1988 prestocking condi
tions indicated that a minimum of 200,000 
fish would be required to achieve the level of 
aquatic plant control desired by TVA. In 
comparison, simulation results reported 
herein for 1989 prestocking conditions indi
cate that only 100,000 fish will be required to 
achieve the level of control desired by TVA. 
Further, results of simulations based on 1990 
prestocking conditions indicate that 100,000 
fish will achieve control below TVA's de
sired level. 

The simulation results discussed above indi
cate that stocked fish will impact their greatest 
levels of control during poststoclcing years 5 
through 7. Therefore, the 100,000 fish stocked 
in Guntersville Reservoir by TVA in 1990 will 
possibly not effect their greatest level of con
trol before 1994. Actual levels of control 
achieved will depend on the status of environ
mental factors that have been responsible for 
the observed changes in plant infestation levels 
during 1988 through 1990. 
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Because it is impossible to predict the ef
fect that these other environmental factors 
will have on plant infestation levels over the 
next several years, it is recommended that no 
additional white amur stockings be made be
fore 1995. 
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Enhancement of HERBICIDE, the Aquatic 
Herbicide Fate and Effects Model 

by
 
John H. Rodgers, Jr.,1 Philip A. Clifford? and R. Michael Stewarf
 

Background 

The level of control obtained from a herbi
cide application on a target aquatic plant 
infestation is driven by the time-varying con
centration of the herbicide following applica
tion and by herbicide exposure and plant 
mortality relationships unique for each combi
nation of herbicide and target plant. Current 
research being conducted by the Chemical 
Control Technology team of the Aquatic 
Plant Control Research Program (APCRP) is 
focusing on development of these exposurel 
mortality relationships for a series of target 
aquatic plant and herbicide combinations 
(Netherland 1990). 

Direct application of these basic relationships 
requires determination of the effects of site
specific fate processes on time-Varying concen
trations of the herbicide following application. 
Though water transpon is certainly a major fac
tor driving transfer of a herbicide from the ap
plication site (Netherland 1990), other transfer 
and transformation processes (Reinert and Rod
gers 1987) are often important in detemtining 
the site-specific fate of a herbicide. 

HERBICIDE is a personal computer
based software package designed to generate 
simulation results for fate and effects of 
aquatic herbicides. HERBICIDE simulation 
results can assist aquatic plant managers in 
the design of site-specific herbicide applica
tion strategies that are based on field- and 
laboratory-derived herbicide exposure and 
plant mortality relationships. 

The fate ponioo of the simulation program 
(Module I) focuses on transfer and transfor
mation of a herbicide after introduction into 
an aquatic system for control of nuisance 
aquatic plants. This module contains a series 
of linear or nonlinear differential equations 
that are designed to calculate the mass balance 
through time of herbicide in an aquatic system. 

The mass balance equation considers such 
physical factors as dilution and dispersion, 
drift and interception, as well as volatiliza
tion, photolysis, hydrolysis, and sorption. 
Also included are first-order biotransforma
tion rates for each herbicide. Uptake and 
depuration, which drive plant tissue concen
trations of herbicide, are also included. The 
outputs from the fate module (i.e., time-inte
grated concentrations of herbicide in water, 
sediments, and plant tissues) are used as in
puts to the exposure-response module. 

The exposure-response module (Module IT) 
generates a simulation of the toxicological 
responses of the target aquatic plant infesta
tion to the herbicide exposure estimated by 
Module L This includes laboratory- or field
detenuined relationships for response or mor
tality of a target aquatic plant population to a 
given exposure of a specific herbicide. In
cluded are the minimum tissue burdens that 
must be achieved to elicit a measureable 
plant response and the upper threshold con
centrations of the herbicide that essentially 
saturate the response of the target plant and 
achieve maximum mortality. 

1 Department of Biology, Biological Field Station, University of Mississippi, University, MS. 
2 EA Engineering, Science, and Technology, Inc., Mid-Atlantic Operations, Sparks, MD. 
3 US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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Module III simulates the response, or re
growth, of the target plant infestation follow
ing herbicide application. Module ill is 
based on existing plant growth simulation 
models developed for the APCRP (Wooten 
and Stewart 1991). 

Previous development efforts of the 
HERBICIDE model focused on relationships 
for dimethylamine salt formulations of 2,4
dichlorophenoxyacetic acid (2,4-D DMA) 
and waterhyacinth. These prior development 
efforts are described by Rodgers, Clifford, 
and Stewart (1988) and Clifford, Rodgers, and 
Stewart (1989, 1990). These descriptions in
clude the conceptual design of the HERBI
CIDE model, parameterization of the fate 
and effects algorithms and development of 
support databases for 2,4-D (DMA) applica
tions to waterhyacinth, and laboratory and 
field validation studies. 

Fiscal Year 1990
 
Accomplishments
 

Additional HERBICIDE fate 
and effects relationships 

Although the HERBICIDE model was ini
tially calibrated and validated for simulating 
applications of 2,4-D for control of waterhya
einth, the model was designed to allow easy 
expansion for other combinations of target 
aquatic plants and herbicides. During FY 90, 
modifications and improvements to the soft
ware package have included addition of algo
rithms and supporting data for the following 
combinations: 

•	 Waterhyacinth and diquat (liquid). 

•	 Eurasian watennilfoil and fluridone 
(Sonar SRP) (granular). 

•	 Eurasian watennilfoil and 2,4-D
 
(BBE) (granular).
 

•	 Eurasian watermilfoil and endothall 
(Aquathol) (granular). 

Rodgers. Clifford, & Stewart 

•	 Eurasian watermilfoil and diquat
 
(liquid).
 

•	 Hydrilla and endothall (Aquathol K) 
(liquid). 

•	 Hydrilla and diquat (liquid). 

Modifications to fate algorithms 

Two significant modifications were made to 
Module I fate algorithms. The frrst was 
inclusion and calibration of an algorithm de
signed to simulate release of herbicide active 
ingredients from granular formulations. The 
original model, which was developed and cali
brated for simulation of aerial spray-applied 
2,4-D (DMA), assumed instantaneous mixing 
(equilibrium) of the nonintercepted spray with 
water. This was satisfactory sinee waterhya
cinths were demonstrated to receive the major
ity of herbicide exposure from interception of 
aerial spray and not from aqueous exposure. 

For submersed aquatic plants that receive 
the majority of exposure from aqueous con
centrations of herbicide. more accurate mea
sures of herbicide concentrations in water are 
required. Since granular formulations release 
herbicide to water in a nonlinear manner, a 
new algorithm was developed to simulate 
observed release of herbicides (Le. endothall 
and fluridone) from solid matrices as reported 
in the literature (Reinert et al. 1985 and un
published data). This allows essentially oon
equilibrium estimation of concentrations of 
herbicides within water, sediment, and plant 
tissues. 

The second major modification to face al
gorithms involves the route of herbicide up
take into plant tissues. In the original model, 
the route of 2,4-D uptake by waterhyacinth 
was linked to an algorithm which accounted 
for "interception" of the aerial spray-applied 
liquid formulation by emergent plant tissues, 
as discussed above. Since Eurasian water
milfoil and hydrilla are submergent plants 
and are not exposed to herbicides in the same 
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manner as waterhyacinth, modifications were 
made such that the route of uptake is via 
aqueous exposure rather than via interception 
for these target plant species. 

Modifications to HERBICIDE 
effects algorithms 

The exposure-mortality response algorithm 
(Module mincluded in the original model was 
fitted to a power curve detennined to be appro
priate for 2,4-D (DMA) and waterhyacinth, as 
demonstrated in validation experiments (Clif
ford, Rodgers, and Stewart 1990). This un
usual exposure-response relationship is most 
likely the result of the unique action of 2,4-D 
on waterhyacinth. 

Because other target plant and herbicide 
combinations added during FY 90 were not 
expected to exhibit this type of exposure
monality response relationship, a revised 
exposure~morta1ityresponse algorithm was 
added that produces a more classical sigmoi
dal type of response. This algorithm was cali
brated based on literature data for the various 
combinations of herbicides and target plants 
added during FY90. 

Additions to supporting databases 

As described by Rodgers, Clifford, and 
Stewart (1988) and Clifford, Rodgers, and 
Stewart (1989,1990), the HERBICIDE soft
ware package includes a series of default 
data sets needed for calibrating the fate and 
effects algorithms for the particular herbicide 
and target plant combination under investiga
tion. Therefore, separate default data sets were 
developed and added for each additional her
bicide and target plant combination listed 
above. Calibration values included in the de
fault data sets were taken from product labels 
and from published reports such as Reinert 
and Rodgers (1987). 

Further Model Development
 
Efforts and Needs
 

We anticipate additional needs for im
proved models for simulation of chemical 

control of aquatic plants. First, the effort 
clearly requires more laboratory and semi
controlled field experiments for validation of 
all processes 5n s imulation pIocedures. Als 0 

required are data regarding critical tissue bur
dens of herbicides in aquatic plants to effec
tively predict their responses to herbicide 
exposure. 

Development of more sensitive and accu
rate measures of plant injury to ascertain de
gree of mortality, or other measures of 
effectiveness, following herbicide exposure 
is another very imponant need. Finally, in
corporation of nonequilibrium modeling capa
bilities (Cassiday and Rodgers 1988) for 
other targeted plant and herbicide combina
tions is required. 

Continued development of chemical control 
simulations will require special understand~ 

ing of the needs of water resource managers. 
Data and relationships emerging from pro
jects such as Guntersville Reservoir will be 
useful in refIning predictive techniques. The 
application of these models for designing 
improved herbicide application programs is 
being demonstrated, and we anticipate more 
intense use of simulations in the future as new 
formulations and herbicide delivery systems 
are developed. 
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Aquatic Plant Database Development for Lake Marion, 
South Carolina 

by 
R. Welch l and M. Remillard l 

Introduction 

The Center for Remote Sensing and Map
ping Science (CRMS) at the University of 
Georgia is developing a digital database of 
aquatic plant spatial distributions for Lake 
Marion, South Carolina. This work is being 
sponsored by the US Army Engineer Water
ways Experiment Station (WES). The digital 
database will incorporate plant distribution 
patterns as delineated from aerial photographs 
of Lake Marion. 

The format of the database will be compat
ible with the Environmental Systems Research 
Institute PC ARC/INFO geographic infonna
tion system (GIS). Access to the database 
through the PC ARC/INFO GIS will allow cal
culation of areal statistics of plant distribution 
patterns, hard-copy production of map prod
ucts at desired scales, and an easy method for 
calculating annual changes in plant distribution 
patterns within the study area 

The database will support evaluation of 
the white arnur stocking effort for aquatic 
plant management in Lake Marion (Morgan 
and Killgore 1990) and development of 
aquatic plant control simulation models as 
described by Kress, Causey, and Ballard 
(1990). Welch, Remillard, and Slack (1988) 
and Remillard and Welch (1991a,b) include 
example applications of an existing GIS for 
Lake Marion aquatic plant management activ
i ties. Applications described therein ioelude 
GIS analysis of the areal control effectiveness 
of aquatic herbicide applications and carto
graphic modeling techniques for predicting 
additional colonization sites for aquatic 
plants in Lake Marion. 

This paper provides an overview of meth
ods used to develop the plant distribution 
database and GIS for upper Lake Marion and 
presents map products and tabular statistics 
for the fall 1988 areal distribution of aquatic 
plant infestations in a section of the Lake 
Marion srody area. 

Study Area 

Lake Marion, located approximately 56 kIn 
southeast of Columbia, SC, was constructed 
in 1941 by the US Army Corps of Engineers 
to provide hydroelectric power to the state. 
The specific study area is confined to upper 
Lake Marion, which extends approximately 
23 km northwest of Interstate Highway 95 
and encompasses 17,000 ha (Figure 1). Upper 
Lake Marion represents a gradual transition 
from the alluvial floodplain of the Santee 
River to the impounded lake (Harvey, Pickett, 
and Bates 1987). Stable water levels and 
shallow depths (averaging less than 3 meters) 
create favorable habitat for aquatic plant 
growth (Patterson and Cooney 1986). 

Database Development 

Large-scale (1: 12,000) color infrared 
(eIR) aerial photography transparencies were 
acquired of upper Lake Marion from an ae
rial photography mission flown on 25 Octo
ber 1988. Approximately 100 photographic 
frames were required to coyer the study area. 

Following acquisition of the CrR transpar
encies, personnel from the CRMS, the South 
Carolina Water Resources Commission, and 
the Santee Cooper Public Service Authority 
visually surveyed aquatic macrophyte 

1 Center for Remote Sensing and Mapping Sciences, University of Georgia, Athens. 
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UPPER LAKE MARION 

5 10 
:! I j I 

Kilomelers 

Figure 1. Upper Lake Marlvn study area 

infestations in the study area. During this 
survey, aquatic plant species were identified; 
this infonnation was annotated on paper
print copies of the aerial photographs. These 
ground truth data were then utilized for inter
pretation of rnacrophyte species distributions 
on the remainder of the 1988 eIR transparen
cies. Outlines of the infestation boundaries 
of different plant species were then deline
ated on clear acetate overlays registered to 
the CIR transparencies. 

The plant species boundaries were then 
digitized directly from the overlays. All digi
tizing was accomplished with software that 
automatically corrects for tip and tilt distor
tions inherent in the aerial photographs and 
captures vector infonnation (points, lines, 
and polygons) in Universal Transverse Mer
cator coordinates. The resulting digital vec
tor files were input to the PC ARC/INFO GIS 
system. The digital files were then mosa
icked and edited, and a relational database 
was developed which assigned classifications 
of plant species and plant type (i.e., submerg
ent, emergent. mixed) to the individual poly
gons in the digital files. 

Map compositions depicting species distri
butions and plant type distributions were 
then generated for plotting hard-copy map 

o ~ 
I 

products. Summary areal statis
tics were generated for individual 
plant species and plant type clas
sification categories. 

Aquatic Plant Distributions 

A PC ARC/INFO GIS system 
for the fall 1988 areal distribu
tions of aquatic plant infestations 
in the upper Lake Marion study 
area was developed. Example 
hard-copy map products and tabu
lar statistics from the GIS system 
are provided below for a section 
of the study area located south of 
Low Falls Landing. 

Map products for aquatic plant 
distributions based on classifica

tions of plant species and plant type are pro
vided as Figures 2 and 3. For areas classified 
as having mixed plant species or mixed plant 
types, the classification codes given in Fig
ures 2 and 3 indicate the relative abundance 
of plant species or type. For example, a poly
gon classification of "EgHC" in Figure 2 
indicates that the lake area delineated by the 
polygon contained a mixture of Egeria densa, 
Hydrilla verticillata, and Ceratophyllum 
demersum, with E. densa the most abundant 
plant species and C. demersurn the least abun
dant plant species. 

The GIS was used to calculate areal statis
tics for plant species and plant types for the 
section of Lake Marion illustrated in Figures 2 
and 3. Table 1 gives areal statistics for plant 
species. Of the 2,000 ha included in this sec
tion of the study are~ approximately 349 ha is 
land, 601 ha is open water, and 1,050 ha is col
onized by aquatic plants. Aerial statistics 
given in Table 1 further indicate that H. ver
ricillara is established in approximately 965 ha 
and that this plant species is the dominant plant 
in approximately 338 ha. 

Table 2 gives areal statistics for plant types 
in the 2,OOO-ha section of Lake Marion. Of the 
1,050 ha colonized by aquatic plants in the 
lake area illustrated in Figure 3, emergent 

2B4 Welch & Remillard WES MP A-91-3, June 1991 



-0 

:E 
m 
(I) 

s:: 
>
o:b 
.(., 
c... 
c: 
::J 
~ 

<D 
<D 

::E 
(l) 

0'
:;r 

~ 

:D 
<D 
[ 
ii1 a.. 

N 
(II 
(,II 

1988 
AOUATIC MACRoPHyrES 

Lake Mar on. SC 

LEGEND 
E..... ~,-g&,..,ts 

L Lolu" O·~L'\I.'IIII~' j\loI,II.) 
P - P,,-\ ....... C1C. tt(al¢lJl1iLCI '\I."".q1l.,z\l''lI'~) 

r Col LeJ..1 <rH;'o. !OJ:]";::' ) 

7 (' .. \.1' ...... : .. (It''411l.,'tl II\llto, .. ", 

L \J" I ,~,,(, I , I ,. ·,1 t 110,'1 J'"" t 

S......bl"l"ler-gQr"'ot.s 
l LoJv.. ( .... , ~ "I '11(01'0\.,.( IUll1 If'-'n, r",~J.·' 

Eo - E. I Qd"<J (I g" \ 'I rt lit. IIlo) 

H - H'I d,. I I 1.-=:1 {Hy ¢ r \ j ~ 11 1.1 ~ r I l' 1 l ~ D. I iI. J 
S - U.... t d"' .... l ,( .~o;j Sub .... t!I .. Q'€I,-.t 

ScS - Scott~~~d Sub~"r~onl~ 

Sor;:H - S<;.:..Jt l ~t""l8'd Myo' I r 10 

F I"" (toE!' F L00 l , .... 9 
;"2 - I,.l-=-l .... t ......... (Jlolto tc4flllln t ,."ol) 

D - Ouc~w ••d <Ltm~G o~d 

S,\,odcI4 ...~pP ) 

Scol'1: . , ~-, 

~~=, ..~~~.=:~:,~! 
__ .~ , '1. __'. _'or ...... __ _..'- ...-~-..... '-1'\,.

en 
~r 
c 
?I
o' 
::> 

Figure 2. AqunJic p/flnt species distribuJion mtJp, 1988, for a 2,OOO·ha section of1M upper Lake Marion study area ~ 
::T 

'" o 
0

1C 
'< 

N 

t 



~ 

l'V 
O:J 
a> 

:E 
cD 
0
~ 

jlo 

::0 
CD 

~ 
ii> a 

:E 
m 
en 
;;: 
." 

> 
<.0 

J..> 
c... 
c: 
::> 
cD 

<D 
tD 

988 
r AOL\TIC MACROP~Y~~S 

i 
I 

I 

j 
N I 
,~, 
-,- I 
I 

I 

FFigure 3. AqlUllU plant distribution 1tUlP, 1988, based on plant type for a 2,OOO-Juz section ofupper Lau Marion study area 

<----: ~Lake Mor lon, ~' ..J 

LEGEN~ 

• EC'fIergenl 

m: Emer' gen ~ ISvbm~.-ge', ':.. 

~ Submerger')t 

~ Submergent/E~ergent 

~ Scattered Submeigen~ 

o Ope .... Water 

lIIlID L 0 "d 

SG0 .... 

~:::.~~~.;=:?~' 
~ •• ,J'" _0 ••••• __ ,_ ..... 
_.~ -...__ ~ _~__ r 

(J) 

3" 
c: 
~ 
o· 
::> 

-f 
<D 
o 
~ 

::> 
o 
0
co 
'< 



Simulation Technology 

Table 1 
Areal Extent of Aquatic Macrophyte Species In a 2,OOO·ha Area of Upper Lake Marlon 

Species' HecllHe8 Acres 

land 349.366 863.057 

OW2 601.0B6 1,484.896 

OWD3 7.495 18.515 

0 2.383 5.886 

DEPH 23.775 58.733 

DES 13.892 34.319 

DH 0.981 2.422 

DPH 22.245 54.954 

EDPH 132.337 326.921 

EPH 11.669 28.826 

EgCHD 15.073 37.235 

EgCHPD 4.467 11.036 

EgHC 236.659 584.632 

EgHCPDE 126.474 312.435 

H 172.452 426.018 

HO 21.746 53.719 

HOP 23.590 58.277 

HDPAz 58.324 144.082 

HOPE 35.914 88.721 

HEDP 1.433 3.539 

HP 19.369 47.848 

L 0.493 1.218 

lH 0.512 1.265 

lPEH 2.168 5.357 

PEDS 18.014 44.500 

PH 1.012 2.499 

PS 0.292 0.720 

S 8.802 21.743 

SE 0.699 1.728 

SEP 20.969 51.800 

ScH 55.396 136.847 

ScS 5.49S 13.561 

ZT 5.417 13.383 

Total 2,000.000 4,940.711 

1 See Figure 2 legend for definition of plant species codes. 
2 Open-water areas. 
3 Open-water areas with minor duckweed infestations. 
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Table 2 
Areal Extent of Aquatic Macrophyte Types 
In a 2,OOO-ha Area of Upper Lake Marlon 

Type Hectare8 Acre. 

Land 349.366 863.057 

Open water 601.086 1,484.896 

Emergent 
EmergenVsu bmergent1 

15.788 
226.897 

39.002 
560.516 

Submergent 
SUbmergenvemergenr 
Scattered submergent 

417.912 
328.058 

60.893 

1,032.392 
810.420 
160.428 

Total 2,000.000 4,940.711 

1 Areas with a mixture of emergent and submergent 
plant types, with amergenllypes being most abundant. 

2 Areas with a mixture of emergent and submergent 
plant types, with submergenl types being most 
abundant. 

plant species dominate approximately 343 ha, 
and submergent plant species dominate approx
imately 807 ha. 

Additional Database Development 
Efforts and Applications 

During fiscal year 1991, aquatic plant dis
tributions delineated from aerial photographs 
of the study area taken during fall 1990 will 
be added to the database. The Lake Marion 
GIS will be used to detennine areal statistics 
for plant species and plant types, as described 
above for 1988 aquatic plant distributions. Ad
ditionally, the GIS will be used to calculate 
changes in areal distributions of plant species 
and types between 1988 and 1990. 

This information will be used to evaluate 
the effectiveness of the ongoing white arnur 
stocking effort described by Morgan and 
Killgore (1990). Further, the database will 
be updated at least every 2 years through 
1994, and additional infonnation will be gen
erated by the GIS for evaluation of the white 
amur stocking effon. Additionally, changes 
in areal distributions of aquatic plants in the 
study area through time which can be attrib
uted to impacts from white arnur stocking 
efforts will be used as a basis for analyzing 
results from the WES White Amur Stocking 
Rate Model (Boyd and Stewart 1991). 
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Simulation Needs for the Future 

by 
H. W. West,! R. M. Srewart,} andM.R. Kress! 

Introduction 

The Aquatic Plant Control Research 
Program (APCRP) initiated research work 
related to aquatic plant control (APe) simula
tion modeling in the early 1980's, as dis
cussed in the overview paper? This research 
was structured in such a manner to allow for 
systematic evaluations of existing and proto
type mechanical control techniques and avail
able biological control agents under 
simulated operational cand itions. 

The basic philosophy in developing these 
first-generation simulation procedures/ 
concepts was to "model" the control method 
as an entity that would allow for simulations 
of the interactions of the method (such as a 
mechanical harvester or a white amur fish) 
with the in situ plants as they occur in the 
water body. The basic understanding 0 f this 
modeling scenario was chat the "effectiveness" 
of any proposed control method would be 
highly dependent upon the diversity and 
structure of the in situ aquatic plant commu
nity and its water body configuration (geome
try, water depths, and other special features 
or characteristics). 

As we look to the future, especially for the 
next decade or so, what should the role of 
APC computer simulations be or focus on? 

With both software and hardware chang
ing rapidly, what directions should we (i.e., 
the research community) take to provide the 
best capability for the field users. To help 
with this open forum, a panel of five key indi
viduals was selected as follows: 

Dr. Ted Center, US Department of 
Agriculture. 

DT. Rose Kress, US Army Engineer 
Waterways Experiment Station (WES). 

Mr. Leon Baker, Tennessee Valley 
Authority. 

Dr. John Rodgers, University of 
Mississippi. 

Mr. Mike Stewart, WES 

Future Research Areas 

The forum session on Simulation Needs 
for the Future was initiated with a presenta
tion by Mr. West, which focused on four re
search areas: state-of-the-art simulation 
software; integrated research and develop
ment (R&D) activities; hardware platforms, 
operating systems, and networks; and com
prehensive information bases. Each of these 
is discussed briefly below. 

Stat~of-th~art simulation software 

Development work is needed to allow for 
simulation of the effects of multiple-plant 
species environments; evaluation of multiple 
treatment applications for chemical control 
methods, and the effectiveness of multiple 
treatment methods; and modeling of ecosys
tem effects such as water body water quality 
conditions (dissolved oxygen, pH, etc.). 

Simulation capabilities are also needed for 
new control methods as they become opera
tional. These include herbicides based on 

1 US Army Engineer Waterways Experiment Station. Vicksburg, MS. 
2 R. Michael Stewart. 1991. See pp 251-256 in this proceedings. 
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new active ingredients, as well as those 
based on new fonnulations of existing active 
ingredients, and insect and pathogenic agents 
soon to become operational. The ones that 
should be addressed by the APCRP in the 
near term are listed in Figure 1. 

With the recent advancements in special
ized tailored software, improvements are 
needed to existing simulation software in 
terms of user interface capabilities, namely 
menu structures, help features, and color 
graphics. Also, with the advancements in 
geographic information systems (GIS) and 
data base management systems (DBMS), it is 
necessary that these capabilities be interfaced! 
integrated with the PC-based APC simulation 
software packages. 

Within any analytical simulation model, 
the output products can be very detailed, and 
in many cases not very conducive to quick 
understanding of the results. Therefore, it is 
necessary that simulations and special-purpose 
output graphics be developed for improved 
visualization of APC simulations and parame
ter interactions. 

Integrated R&D activities 

As part of the APCRP, basic information 
and relationships on control agents and their 
interactions with the target plant, and with 
the environment as a whole, are developed 
under the respective control technology re
search areas during the development of opera
tional control techniques for the control agents. 
This information is used in developing the first
generation APe simulation models. 

Once developed, the APC simulation mod
els allow systematic evaluation of the valid
ity of these relationships, which in tum 
provides new insights and emphasis for con
ducting additional laborafOry and field re
search studies of the control agent or 
technique. For example, the Neochetina and 
waterhyacinth simulation model (INSECT) 
results are providing useful insights for 
needed research on seasonal shifts in 
Neochetina reproducti ve capacity. 

WES MP A-91-3, June 1991 

As stated above, the capabilities provided 
by APC simulation models, in terms of sys
tematic evaluation of existing relationships 
for aquatic plants and their control agents, is 
a new role for simulation technology in the 
1990's. This feedback between modeling 
and the development of parameter relation
ships (shown in Figure 2) should provide for 
a better overall understanding of the interac
tions between the in situ control agent and 
the host plant. This information in turn may 
lead to more effective aquatic plant manage
ment capabilities and strategies. 

Hardware platforms, operating 
systems, and networks 

The PC-based platforms/systems currently 
under development will have capabilities that 
will provide for improved understanding of 
simulation results, thereby broadening our 
knowledge of aquatic plant control opera
tions and activicies. Some of the most im
proved aspects/features that we plan to 
incorporate into these PC-based systems are: 

•	 Multitasking/multiuser capabilities. 

•	 Windowing. 

•	 Networking. 

•	 Read/write optical disk devices. 

•	 Color graphics devices (screen copiers). 

•	 Color plotters. 

One of the most important features to be 
included in our improved PC-based systems 
is "windowing." This new tedmology is 
changing the way we can access and visually 
display infonnation. Windowing will pro
vide the following features: 

•	 Different computers can access the 
same display device. 

•	 Multiple-application software can be 
run on the same display device. 
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CHEMICALS 

NEW FORMULATIONS OF EXISTING HERBICIDES 

BENSULFURON METHYL 
FLURPRIMIDOL 
PACLOBUTRAZOL 

} 
PLANT GROWTH REGULATORS 
WITH VARYING SPECIFICITY 

UN1CONAZOL 

INSECTS 

BAGOUS AFFINIS 

BAGOUS n. sp. 

HYORELLIA PAKISTANAE } HYDRILLA 

HYDRELLIA n. sp. 

NAMANGANA PECTINCORNIS }
 
NEOHYDRONOMUS AFFINIS WATERLETTUCE
 

PATHOGENS 

MYC OLEPTOOISCUS TER RES TRIS WATERMILFOIL 

MACROPHOMINA PHASEOLINA HYDRILLA 

Figure J. Near·future control method simulations 

o 
CONTROL 
AGENT 
TARGET 
PLANT 
INTERACTIONS 

I 

" . 

SPECIAL R&D 
NEEDS 

Figure 2. Integrated R&D MSU} resulting in enhanced simulation capability and 
lmprol'ed control techniques and mano.gement 
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•	 Both text and graphical information 
can be displayed at the same time. 

•	 Different computers can share the 
same information base. 

Figure 3 illustrates a platform that is dis
playing narrative, geographical (map), and 
image data. 

As we move into the next decade, com
puter technology will allow for improved 
methods for information display. The PC
based windowing and color capability will 
add a new dimension in information under
standing and will thereby improve infonna
tion exchange to allow for better APC 

Simulation Technology 

management opponumtles. APe simulation 
technology will benefit significantly with the 
advancement in hardware, operating systems, 
and networks. Our models will be restructured! 
modified/improved/integrated to provide for 
an advanced APe simulation capability. 

Comprehensive Information bases 

The recent advancement in GIS and DBMS 
software, and the interface of these capabilities 
with automated data update capabilities such 
as generated by satellite and aircraft, will 
allow for the development of more compre
hensive infonnation bases for water bodies 
with aquatic plant infestations. Satellite im
agery and positional infonnation from the 
network of global positioning satellites and 
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Figure 3. Windowing capabUity 
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special-purpose analysis software 
provide for near real-time updates 
of the databases of aquatic plant 
infestations, 

Information bases are needed at 
the regional, water body, and site~ 

specific levels (Figure 4) to more 
effectively serve the APCRP and to 
provide users of the developing soft
ware with the necessary input data 
for their regional area of interest. 
Emphasis during the next few years 
will be to develop an improved 
technical infonnation base for the 
APCRP, the components of which 
are shown in Figure 5. 

• 

• 

• 

The new software and hardware capabili
ties will be interfaced with the APe simula
tion software packages to allow for more 
timely and realistic APe simulation results. 

REGIONAL INFORMATION 

WATER BODY-SPECIFIC INFORMATION 

SITE-SPECIFIC DATA 
• TllEA TMDlT '''l'lIOl ON JUlIAN DaY 

o.a",Pl(, 

•	 WUTIlEll.u.nOIi 
COliomOHi 

.,YIlT 1~,"anOIl'Y 

'n'PE,COVERaca. 

• CONTROL 

• ..THYMETRY OA TA 

• un H'OlUAAnoN 
• WQDATA 

• lOCAL METiOROlOQY 

• .IO..... SS lEVEU 

Figure 4. Levels of InformatitJ n bases 

Discussion and Panel Comments 

Questions and comments from individuals 
from the floor were responded to by the 
panel, and their questions and comments 
were recorded. 

Figureli 5. Components of Improved technwal 
information base for the APCRP 
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Annual Report, APCOSC 

Annual Report - Aquatic Plant Control
 
Operations Support Center
 

by
 

William C. 2altau1
 

In October 1980, the Jacksonville District Corps APC programs, and guidelines for 
was designated by OCE as the APCOSC in rec utilization of the APCOSC are outlined in 
ognition of the District's knowledge and exper ER 1130-2-412. 
tise gained through the administration of the 
largest and most diverse aquatic plant manage The Center responded to 141 requests for 
ment program in the Corps. The APCOSC per assistance during FY 1990. A breakdown of 
sonnel assist other Corps elements and other these activities appears in Table 1. Figure 1 
Federal and State agencies in the planning and indicates the types of infonnation requested; 
operational phases of aquatic plant control. Figure 2 provides a breakdown as to source 
The specific duties, relationships with other of information requests. 

Table 1 
APCOSC Contacts, FY 90 

Type Corps Other Other Statel 
Aaslstance OCE WES Division Dlatrlct Federal Country Local Industry Private Tolsi 

Planning 1 3 5 22 3 0 3 1 0 38 

Operations 3 3 3 17 3 1 11 9 '2 52 

Research 2 16 1 4 1 0 4 5 1 34 

Training 0 1 0 11 0 0 4 1 0 17 

TOlal 6 23 9 54 7 1 22 16 3 141 

APCOSC FY90 

PlANNING 2T1. 
36 

TRAPNIl¥J 0 
\7 

APCOSC FY90 

1 

INousmv lft, 
DIS tRICT ::J~'I 1<l 

'" 
PRlY.J\TE n 
OlHe~ Feo 6' 

mVl~'OI< 0" WI::~l"o n 

Figure 1. Types of infortlUltWn requesred Figure 2. InformatWn request SQurces 

1 US ArmyEngineer District, Jacksonville; Jacksonville, FL. 
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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 or other agencies. Four 
basic types of infonnation are requested: 
planning, operations, research, and training. 
Planning assistance includes determinations 
of water body eligibility and allowable costs, 
computation for benefit-cost ratios, methods 
of data acquisition, and other factors that 
enter into the process of planning an Aquatic 
Plant Control Program. Operations assistance 
involves most aspects of chemical, mechani
cal, biological, and integrated 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 the WES. Training as
sistance includes providing materials for use 
in educational and training programs, and 
conduct of the Pesticide Applicators Training 
Course and the Aquatic Plant Management 
Course by Center staff. 

During fiscal year 1990, the Center pub
lished the Information Exchange Bulletin 
and the APCOSC Annual District/Division 
Survey (for fiscal year 1989 treatments). 
The Pesticide Course was provided at the 

request of Mobile District. As a result of a 
new Memorandum of Agreement, the Pesti
cide Course was also given to the Seminole 
Tribe of Florida. A new 1.5-day Aquatic 
Plant Management Course was provided for 
the Galveston, St. Paul, and Nashville Dis
tricts. The new course provides an overview 
of the Program as well as outlines of the vari
ous management technologies. 

The APC Program Evaluation Guidance 
Task Force held three meetings. The Task 
Force was chartered to "develop a self
evaluation system for Corps aquatic plant 
managers" and "to assess the efficiency and 
effectiveness of the programs, and to ensure 
the wise use of Federal funds." Jim Wolcott 
(CECW-ON) serves as Project Coordinator, 
and Bill Zattau (CESAJ-CO-OR-A) serves as 
the Task Force Team Leader. Task Force 
members include Vicki Dixon (CESWD
CO-RR), Lewis Decell (CEWES-EP-L), Joe 
Kight (CESAM-FO-LS), Bob Rawson 
(CENPS-OP-PO), and Maurice Simpson 
(CEORN-OR-R). At this time, the draft 
document includes a detailed overview of the 
Program, charts depicting various District 
programs, and checklists of Program respon
sibilities at the project, District, Division, 
and CEeW-ON levels. 

Zattau WES MP A·91-3, June 1991 
296 



DistricVDivlsion 

Synopsis of the District/Division Aquatic Plant
 
Management Operations Working Session
 

by
 
William C. Zattau l
 

The annual Working Session was held 
27 November 1990 during the Aquatic Plant 
Control Research Program Review. Represen
tatives from Headquarters, five Division 
offices and 13 Districts attended, as did local 
cooperators from five states. The session was 
chaired by the Aquatic Plant Control Opera
tions Support Center. 

During the meeting, a review was con
ducted on results of suggestions made during 
last year's session. The results are as follows: 

•	 APCRP work unit updates: Opera
tions personnel requested more peri 
odic updates. I discussed the idea with 
the APCRP Program Manager, who 
was recepti ve to the idea pending 
more discussion. Possible timing for 
publication of these fact sheet-type up
dates would be May. 

•	 APCOSC Electronic Bulletin Board: 
The essential legwork has been com
pleted by the APCOSC. Concern ex
ists regarding user-friendliness and 
volume of use. If a user-friendly sys
tem can be provided, and an appropri
ate amount of use is forecast, a system 
will be tested during FY 91. In early 
1991, the APCOSC will distribute a 
survey to probable users in order to 
estimate usage. 

•	 APe Program Evaluation Guidance 
Task Force: The formation and charter 
of the Task Force was addressed last 
year. Subsequently, three Task Force 
meetings were held, and the resulting 

draft document has been forwarded to 
CECW-ON for review and comment. 

•	 Increased publication of field 
manuals or field guides: Limited 
discussion on the publication of field 
manuals or guides resulted. 

Before this year's session, the APCOSC 
distributed a memorandum to POCs for 
Districts with cost-shared APe programs re
questing response to suggested discussion 
topics. POC responses were consolidated 
and distributed prior to the session. 

The four proposed topics were brought up 
for discussion at the Working Session. Ini
tially, discussion centered around the concept 
of the Federal interest in cost-shared aquatic 
plant management operations. The major 
comment was that the concept needed better 
definition. Related discussion addressed water 
body eligibility requirements, the definition 
of navigable water as applied to the program, 
and prioritization of operations during budget 
shortfalls. 

In regard to program management and bud
get prioritization, a suggestion was made to 
provide a mechanism or procedure, perhaps 
through a budget matrix, which would ensure 
program-wide management and budgetary 
(or cost/acre) consistency. Also discussed 
was the need to provide Headquarters with an 
improved method of evaluating operations in 
District cost-shared programs. This dialogue 
prompted an explanation of the budget pro
cess. The need and importance for proper 
justifications was stressed. 

1	 US Anny Engineer District, Jacksonville; Jacksonville, FL. 
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The status of ER 1130-2-412 was ad
dressed. An update is essentially complete, 
but acceptance is contingent upon approval 
of revised Local Cooperation Agreement 
language by the LCA Committee. Requested 
modifications have been made and returned 
to the Committee. 

The current format of the APCOSC An
nual District/Division Survey was discussed. 
Participants agreed that, while it contained 
excellent information, the survey would be of 
more value if the data provided by the Dis
tricts were calculated in a consistent manner. 
The Center agreed to provide more guidance 

when requesting dara for the FY 90 survey. 
It was suggested that a simplified database 
system be developed as a reporting procedure. 

The session closed with a brief discussion 
by state cooperators of their funding situations. 
Cooperators reported varying degrees of 
funding problems. 

Working session participants felt that the 
existing PEG Task force, or similar group, 
could address or clarify the concepts of 
Federal interest, program eligibility require
ments, navigability, budget prioritization, 
and justification. 

Zattau WES MP A-91-3, June 1991 
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Vermont Aquatic Plant Control Program 

by 

Joseph J. Debler1 

The US Anny Engineer District, New 
York, and the State of V ermont completed 
the ninth year of a cooperative program for 
the control of nuisance species of aquatic 
plants on Lake Champlain. The major spe
cies of concern to date have been Eurasian 
watermilfoil (Myriophyllum spicatum) and 
waterchestnut (Trapa natans). 

As reported last year, Eurasian watermilfoil 
was not harvested because no proposals for 
harve~ting were submitted to the State. The 
1990 program was therefore confmed to the 
harvesting of waterchestnut from southern 
Lake Champlain, as well as two new small 
areas (Dead Creek and Upper East Creek). 
both of which drain into Lake Champlain. 
The purpose of this harvesting was to prevent 
the further northward spread of this plant in 
the lake and to prevent expansion from the 
new areas. 

Approximately 150 acres of waterchestnut 
were harvested, using a combination of deep

water harvesters. a high-speed transport barge. 
and hand-pulling crews operating from a 
boat. Harvesting took place between 1 August 
and 21 September 1990. 

Mechanical harvesting is considered to be 
very effective in controlling the northward 
spread of waterchestnut in Lake Champlain. 
However, the harvesting must be done each 
year to prevent reinfesration. 

The only problem arose when the State ex
pressed concerns in signing the cenificate of 
authority in the Local Cooperation Agree
ment (LCA). Adding a paragraph to the LCA 
that absolved the State of obligating future 
legislative appropriations solved the problem. 

Proposals to add Lake Bomoseen and 
cenain bioconrrol measures for Eurasian 
watermilfoil are still under consideration. 

1 US Army Engineer District, New York; New York, NY. 
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