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FOREWORD

I
he introduction of non-native species to eastern North America is a continuing concern to
industries, coastal communities and state and federal resource managers, Since the 1800s
over 136 different species have been introduced into the Great Lakes basin including 61

plants, 24 fish, 24 algae, 9 mollusks, and 7 oligochaets, None however, has received the notoriety of
the now nationally infamous zebra mussel  Dreissena polymorpha!. Zebra mussels have disrupted
flows in water intakes and service lines of power and water utilities, and other industries and are
beginning to reveal their impact on the natural environment, especially native clams. Navigation
structures along the inland arteries are reporting zebra mussels on locks and in reservoirs. In a. few
short years the mussels have spread from the Great Lakes to the Hudson, Susquehanna, Ohio, Illinois,
Mississippi, Arkansas and Tennessee Rivers. Zebra mussels can now be found in St. Paul, New
Orleans, Chicago and Little Rockl

The response to this invader has been one of cooperation between industry, resource management
agencies and the academic community in the United States and Canada Over the past four years,
information and ideas have been generously shared through personal contacts and through major
conferences, Several year ago an agreemenr. was reached to cosponsor one major international
conference, alternating U.S, and Canadian locations. This year, cosponsorship of the conference
expanded to add the American Water Works Association and the U.S. Fish and Wildlife Services to

t the existing network of American Water Works Association Research Foundation, Electric Power
Research Institute, Environment Canada  Fisheries and Oceans!, Great Lakes Sea Grant Network,
Ontario Hydro and the Province of Ontario. We' re please to be the first U.S. host and had to work
hard to match the past hospitality of our Canadian colleagues.

Over 170 papers were presented during the four-day conference in oral and posrer sessions, includ-
ing papers by five scientists from France, Belorussia, the Ukraine, Germany, and the Netherlands.
Participants learned about the first successful attempt to culture zebra mussel larvae in the laboratory
under controlled conditions. Twenty papers were given on promising alternative controls including
the use of coatings, removal of oxygen and the use of filtration devices, along with updates on poten-
tial microbial control agents. Several presentations chronicled the invasion of inland river systems
and efforts to keep zebra mussels out of unique environments such as the St. Croix National Scenic
Riverway. And, ten high school students who are researching zebra mussels attended the conference.
from Oconto and Verona, Wisconsin and Bay City, Michigan, and participants heard of more than 200
High Schools throughout the midwest who are involved in zebra mussel monitoring.

Printed papers were solicited frorri all authors and 50 chose to publish in these proceedings.

Allen H. Miller

Conference Coordinator
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ABSTRACT

The extensive biofouling by zebra rnussels  Dreissena polymorpha and D.
bugensis! presented new demands on industrial water users in North America.
Foremost among these was the need to develop and test the effectiveness of techniques
that would prevent and control mussel fouling under realistic conditions, Unfortunately,
testing facilities to undertake such research and development, using raw lakewater,
natural populations of larvae and translocating mussels, were not available, We,
therefore, report on a research facility, which was designed and remains in use at
Ontario Hydro's Nanticoke Thermal Generating Station on Lake Erie to evaluate control
measures for zebra mussels. The facility consists of a continuous-flow system, which
supplies raw lakewater to 20 flow cells �2,7 cm diameter x 91 cm in length!, The
velocity through each flow cell can be controlled to relate treatments options to the
biology of mussels, and to assist in the development of monitoring programs. This
facility has provided valuable insight into zebra mussel biology and mitigation techniques
including the optimization of chlorine treatment. It is believed that the present design
provides a better model for such development versus static or open-channel test
conditions.



INTRODUCTION

The introduction of zebra mussels  Dreissena polymorpha and D. bugensis! into
North America has impacted residential, municipal, and industrial users of raw lakewater
 Nalepa and Schloesser, 1993; Tsou and Mussalh, 1993; Claudi and Mackie, 1994!.
Principally these impacts have resulted from the colonization or biofouling of intake
structures, piping systems, heat exchangers, etc., through the recruitment of veliger
larvae and the translocation of adult mussels  Claudi and Ackerman, 1992!. Not only do
mussels restrict the fiow through water-processing equipment, but their byssal
attachment mechanisms may increase the potential for corrosion of the colonized
surface. The real costs associated with zebra mussel biofouling in the Great Lakes is
expected to reach some US $5 biBion by the next century  Ludyanskiy et al., 1993!,

From the onset of the introduction  Hebert et al., 1989!, it became obvious that
there was limited European and Soviet data on control strategies that could be scaled to
those levels found in many North American Industries  Claudi and Mackie, 1994!, For
example, the service water at Ontario Hydro's Pickering Nuclear Generating Station
uses 3.5 10' gal min ' with fiuid residence times on the order of 30 min. In addition, it
was evident that much of the data obtained under static conditions in the laboratory,
were of limited value to the implementation of control measures within industrial plants.
Such data can only be obtained from dynamic-flow-through experiments using raw
lakewater containing natural populations of veligers  larvae! and translocating adults.
Unfortunately, few designs are available for such facilities, We, therefore, present the
following design for a zebra mussel research facility that has operated almost
continuously for the past 3 years on Lake Erie. This facility was designed specifically
to: 1! determine the settling and translocation behavior of zebra mussels; and 2! evaluate
various chemical and physical control strategies to prevent or disrupt zebra mussel
biofouling  Table 1!. While the facility incorporates design criteria specific to zebra
mussels, it will also be of interest to researchers in other fields  e.g., metallurgy,
microbiology, etc.! who require dynamic-fiow-through conditions.

MATERIALS AND METHODS

Site Description: The research was conducted in the forebay of Ontario Hydro's
Nanticoke Thermal Generating Station  NTGS! on the northeast shore of Lake Erie at
Nanticoke, Ontario. The forebay is essentially a rectangular channel  -7 4 m to � 20.4
m wide, -780 m long, and -8.4 m mean depth; Ontario Hydro, 1970! cut from the
natural limestone. It runs parallel to the lake shore and is bounded by the concrete wall
of the station to the north. Lakewater is drawn 485 m offshore, from a depth of 10 m,
into 2 intake structures at the western and central portion of the forebay. There are no
other sources of water inputs into the forebay, which serves as a source of unprocessed



Table l. Desi gn criteria for the continuous-flow facility for:ebra mussel research.

Design Features: Physical Systems

Centrifugal pump

Floating dock

Self-cleaning intake Ster

Separate banks of flow cells

Vacuum break loops on inlet and return
lines

Individual flow control on flow ceHs

Removable flow cells

Flow cell inserts

Rotameter flow meters on each flow cell

Temperature and Pressure Sensors

Data acquisition system

Design Features: Chemical Systems
Auto-injection chemical feed

Remote chemical  e.g., chlorine! sensors

Separate upstream and downstream
sampling ports

Bench-top laboratory

Purpose

To provide a continuous and large �000
l min'! supply of raw lakewater for
experiments.

To maintain constant depth in the event of
wind-generated changes in lake levels,

To remove coarse material  > 852 arm!
such as 6lamentous algae from system.

To provide independence of operation and
minimize cross contamination of

experiments.

To maintain wetted environment in case
of malfunction.

To control and manipulate flow rates and
fluid residency times experimentally.

To facilitate monitoring of experiments.
To provide reliable substrates on which to
monitor settlement.

To measure flow rates in individual flow

cells

To measure physical condition in the
facility.

To monitor and record physical and
chemical data.

Purpose

To provide continuous and direct
feedback and control of chemical

injection.

To monitor chenical levels in individual

flow cells.

To evaluate within flow cell transport of
chemicals.

To provide for on-site calibration and
problem solving.



lakewater for cooling purposes. Additional lakewater is used at the eastern portion of
the forebay for tempering the heated eNuent discharge in an adjacent and separate
channel. There is no backflow from the tempering channel to the forebay.

The average water velocity in the forebay is -0. 15 m s', based on a -155 m'
cross-sectional area and 23.7 rn' s ' f1ow through the pumping systems  Ontario Hydro,
1970!. This regular and rapid flow through the forebay provides a steady supply of
zebra mussel veliger larvae, The recruitment under these conditions would likely be
similar to other energy intensive areas  e.g., shallow well mixed regions, rivers etc.!,
leading to ideal conditions in which to develop and test control strategies.

The Research Facility was located at the eastern end of the forebay � 9 rn above
the lake, just downstream of the tempering pumps. Lakewater was drawn through a 1
to 2 cm screen from a constant depth of -1.5 m, which was achieved through the use of
a floating platform, This platform was required because of the changes in water level
caused by wind-driven storms and sieches in large basins like Lake Erie  Barnes and
Mann, 1991!. A single stage vertical turbine 10 Hp pump  Brier Hydraulics, Burlington,
Ontario!, mounted on the floating platform, pumped lakewater at a capacity of -2.2-10
m' s' with a pressure head of -18 m. Lakewater was deHvered through 24 m of 10 cm
diameter steel pipe, elevated 1.5 m above the ground, to the Research Facility.

Facility Design: The Research Facility was installed in an air conditioned mobile
trailer � m x 11 rn x 1,85 m!, which was divided into a dry lab/oRice and wet lab
sections. The main intake from the floating platform entered the wet lab through a 4"
NPT  National Pipe Thread! diameter main, which was connected to a 862 pm
self-cleaning filter unit  Hayward Filter model 596; Elizabeth, NJ!. This filter limited the
introduction of filamentous algae, large zebra mussel translocators, and flotsam, into the
water-delivery system. Zebra mussel larvae and small translocators were not, however,
affected by the filter. All major piping systems downstream of the filter, including valves
and fitting, were primarily PVC schedule 40 NPT. The supply line �" NPT! passed
through a check valve and vacuum break loop  a similar configuration was included on
the return line!, which maintained a wetted condition in the event of pump malfunction.
The supply line delivered water to a supply manifold �" NPT! which was connected to
five separate banks of flow cells systems. Each bank consisted of a vertical supply line,
four flow cell systems stacked vertically  - 0,4 m spacing!, and a vertical return line �"
NPT!, which connected to a return manifold �" NPT!. The return manifold led into a
return line �" NPT!, which passed through the bottom of facility and through a flexible
rubber pipe �" NPT! to the forebay, The banks were differentiated nominally by flow
rates, through the use of different diameter vertical supply and return lines. There were
three slow-flow banks �/4" NPT!, one medium-flow bank �" NPT!, and one high-flow
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bank �" and 3" NPT!. Bail valves at the supply and return lines aflowed each bank to be
isolated as required, In addition, a bypass line upstream of the supply manifold allowed
flow to be diverted to the return line in the case of low flow and, hence minimize the load
on the pump.

Flow Cells. The flow cell systems were essentially linear conduits -3,3 m long  Fig. 1!.
They consisted of a 60 crn intake line, a 91 cm removable flow cell �2.7 crn diameter!,
and a 180 cm discharge line, The diameter of the intake and discharge lines depended on
the bank on which they were located  see above!. Rotarneter flow meters were included
in the discharge lines with the capacity dependent on the flow rate of the bank  i.e., 0 - 1
1 min' CalQFlo Flowmeter; Blue White Industries; Westminster, CA; 2 - 20 gal-min '
Visi-Float Flowmeter; Dwyer Instruments; Michigan City, IN!. Ball valves directly
downstream of the vertical supply line and directly upstream of the vertical return hne
provided a mechanism for accurate flow control. Two sampling valves �/4" NPT Thread
x Hose Lab Cock! were included opposite on another at mid-length on the flow ceil, and a
third was included -30 cm downstream on the discharge line. The flow cells were
constructed out of a 91 cm section of 5" NPT pipe welded onto end flanges bored to the
same inner diameter and fitted with an 0-ring on their outer edge. Matching end flanges
were welded onto the intake and discharge lines, which were bored to the respective
diameter of the lines. The end flanges were clamped together with 5/16" stainless steel
bolts and nut fasteners.

The flow ceil systems were modified slightly for the evaluation of chemical control
treatments  Fig. 1!. In this case, a chemical injector pump  ProMinent, model gamma 4-I;
Pittsburgh, PA! was used to introduce oxidants to a mixing chamber 13 cm upstream of
the flow cell. The pump was remotely controlled and operated through the use of a
chlorine monitoring system  Capital Controls, model 1870E; Colmar, PA! and a PC-based
data logger/controller system  Labmate Data Acquisition and Control System; Scimetric
Instruments, Ottawa, Ontario!. In this way, the predetermined oxidant concentration was
maintained throughout the study. Periodic titrations were used to calibrate the tnonitor.

The majority of the experiments were undertaken at ambient velocities of -9.2-10
m s', which corresponded to the 30 minute residence time for cooling water within
generating stations. Based on these flow rates and the physical dimensions of the flow
ceil, the Reynolds number was -1.2 10' Re = d u/v, where d is the cell diameter, u is the
average velocity, and v is the kinematic viscosity!. This would indicate that the flow
conditions were laminar, but not fufly developed within the flow cell, as the computed
entrance length was -8.9 10 ' m   � ' - 0.06Re; White, 1986!. The developing boundary
layer  d! would, therefore, be a function of the length from the entrance  x! given
approximately for a flat plate by,; � � ",~, where Re�is the Re computed using x. Using

Rs'
this relationship, d increases from -1.6 cm at x = 0.1 rn to -15 cm at x = 0.9 m, which is
consistent with the entrance length concept y'ven that overlapping d are indicative of



A! Zebra Mussel Biology.

� Life history characterization and morphometrics

- Larval density

 i! Larval Biology'.

- Larval recruitment dynamics

- Larval recruitment mechanisms

 ii! Mussel Biology: - Mussel attachment strength

- Mussel density

- Mussel contaminant load /toxicity

- Mussel live/dead determination

B! Zebra Mussel Control.

� Acoustics

- Anti-fouling coatings

 i! Physical Controls:

- Fluid dynamics

- Mechanical 61tration

- UV radiation

- Hypochlorite - Intermittent treatment

- Continuous treatment

 ii! Chemical Controls:

- Semi-continuous treatment

� Copper hypochlorite

- Chlorine electrolysis

- Hypochlorite metal corrosion

- Under-deposit corrosion

C! Non-biological Research.

- Dechlorination with Na,S,O3

- Chlorine monitor evaluation

- Water temperature and chemistry

Table 2. Research Projects Undertaken in Research Facility
 A bibliography is available upon written request!



fully-developed flow, Newly-recruited mussels would thus always exist within a boundary
layer, Calculations indicated that the maximum oxygen demand by mussels would be
easily offset by Fickian diffusion through the boundary layer  i.e., J~ = � D +, where I is
the fiux, D is the difFusivity, C is the concentration, and y is the height!.

RKSVLTS AND DISCUSSION

The modular design of the research facility allowed the examination of a wide
range of research topics, many of which were examined simultaneously. The precise
number of investigations per season was limited by the number of flow cells and the need
for experimental rephcation. Fortunately, it was possible, in some cases, to conduct
several trials within a single Geld season, although variations in larval recruitment
precluded this option in 1992  see below!, The complete range of topics examined over
the past three years have included: A! aspects of zebra mussel larval and adult biology; B!
physical and chemical zebra mussel control technologies; and C! a number of
non-biological research topics  Table 2!. Table 2 is provided as an illustration of the type
of research that has been undertaken and is, therefore, not meant as a review. A complete
bibliography of this research is available on request.

One of the most relevant biological parameters for zebra mussel control research is
the presence of larvae in the water column. This provides an indication of the period
when larvae may recruit onto substrates and the period during which experiments can be
conducted, It should be noted, however, that zebra mussel veliger larvae pass through a
number of developmental stages, the last of which involves the acquisition of foot � the
pediveliger stage  Ackerman et aL, In Press!. While pediveiigers are the only veligers
competent to recruit onto substrates  Claudi and Ackerman, 1992; Ackerman er al., In
Press!, few studies have difFerentiated among the difFerent larval stages. Hence,
presence/absence of veligers only provides a measure of the potential for larval
recruitment. Important issues, such as the influence of fluid dynamics on recruitment are
presented elsewhere  Ackerman and Sim, 1994; In Prep!,

A comparison of the interannual variation in daily water temperatures measured in
the intake water of the research facility is presented in Fig. 2A. Observation were made
between May and November, although delays in the initial commissioning of the facility in
1991 limited the data set to the latter portion of the season. The daily water temperature
data are similar for all years and show a seasonal pattern, with the highest temperatures
observed in July and August, There were major deviations in these patterns as indicated
by the relatively low temperatures in the end of September 1991, and the relatively high
temperatures in May 1992, These and smaller-scale excursions were likely caused by
ambient air temperatures as well as mixing due to storms, which may influence the
temperatures of near-shore surface waters  Barnes and Mann, 1991!. The temperatures in
the spring of 1992 were relatively warmer than those of 1993, although July and August
1992 water temperatures were generally lower than those of 1991 and 1993. The
maximum water temperatures during the summers were 25.S'C in 1991, 23.4 C in 1992,
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and 26.5'C in 1993. The fall water temperatures in 1991 were generally higher than those
of 1992 and 1993, which were similar.

The abundance of veligers in the intake water of the research facility is presented
in Fig. 2B. The average density of veligers varied among years &om 11+3 10'  mean +
standard error; n = 29! veligers m' in 1991, 5*1 10'  n = 54! veligers m ' in 1992, and
14+2 10'  n = 71! veligers-m' in 1993. These differences may have affected the level of
recruitment  e.g., Ackerman er aL, 1993; In Review!, and is an area that deserved
additional attention. General annual patterns are more dif5cult to discern, although there
were a number of peaks in each year when the veliger densities exceeded the background
to levels as high as 70-10' veligers.rn'. Overall, there were approximately three peaks
corresponding to early July, early August, and mid to late September. Commissioning
delays in 1991 precluded the identification of the first peak in 1991, while intensive
sampling in 1993 indicated that the rniddle peak may have been more extensive in nature.
The 1993 data also indicates that the day-to-day variation in veliger abundance can vary
considerably at any location. The sudden appearance, and multiple number of peaks in
veliger densities have also been seen in other years within Lake Erie  Garton and Haag,
1993!. This would support the concept that the distribution and abundance of zebra
mussel veligers varies both spatially and temporally similar to other planktonic organisms
 Mann and Lazier, 1991!.

CONCLUSIONS

0 A modular design can be easily modified for a wide range of zebra mussel research
and control topics.

Trials should be conducted using natural populations of zebra mussel veligers and
translocators

0 Direct on-site observations of mussels can lead to important and significant
findings.

Larval densities in intake waters may vary temporally over short-time scales,

Flow-through systems provide important results which are valid models for plant
systems.
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INTRODUCTION

I h g 1 f*d
 Pallas, 1771! were first seen in Lake St. Clair, probably the result of a ship's ballast water
being discharged into the lake a couple of years earlier. By the end of the 1989 growing
season zebra rnussels had established themselves in Lakes Erie, Ontario, Superior,
Michigan and the St. Lawrence River causing enormous problems to electric utiTities,
water treatment plants, etc. The infestation has continued to spread into Lake Huron, the
Mississippi and Ohio River systems, to the point where most bodies of water throughout
the eastern U.S.A. and Canada are or soon wilt be infested, as shown in the New York
Sea Grant's compilation Sightings - Ãorth Ameriaan Range of the Zebra Mussel.

The adult zebra mussel, a native European bivalve  clam! is a prolific breeder and attaches
itself to any substratum  rocks, boats, piers, pipes and each other! by secreting horny
sticky threads by means of their byssus apparatus,

Egg fertili-~on and production occurs in the adult zebra mussel within hours of the water
temperature rising above 12'C. After hatching, and as long as the water temperature stays
between 14 and 244C, the &ee mining larvae or veligers �0-70 pm in diameter! will
appear in the plankton. At this stage dispersal in the water is due primarily to water
currents.

Development changes occur in the veligers and they grow rapidly to 150-250 pm in
diameter, during which time they grow a rudimentary clam-like shell. When the shell
grows too heavy to allow Bee vmmming the zebra mussel settles and attaches itself to a
suitable substratum by it's byssus threads. At this stage it is called a postveliger and by the
end of the first growing season it has taken on the appearance of the adult mussel. Also,
by the end of the first growing season or the beginning of the second year the female zebra
mussel is sexually mature to produce 30,000 to 40,000 eggs,
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FRESH %'ATER BIOFOULING PROBLEMS AND SOLUTIONS

The effectiveness of the copper ion as a toxin to marine organisms has been known for
centuries. Controlled release of copper at parts-per-billion  ppb! levels efFectively inhibits
the attachment and growth of algae, mussels, oysters, barnacles, etc. Furthermore,
maturing give! organisms have a threshhold tolerance to copper and by exceeding ambient
levels they will exfoliate, thereby gradually cleaning out an already fouled system.

The effectivenes of alum as a f1oculating agent for water purification is likewise weil
known. When dissolved in water a highly-hydrated aluminum hydroxide floe forms which,
when used in conjunction with copper, complexes the ionic copper, settling it in those
lower and laminar Qow areas most susceptible to settlement, thereby nmamizing its anti-
fouling properties. It has also been postulated that the alununum hydroxide floe may
entrap veligers and prevent their attachment and growth.

Although non-toxic in itself, it inhibits the settlement of vefigers by smothering these
organisms in the gel and taking them out through the discharge back into the lake or river.
A further advantage of the aluminum hydroxide is that it coats the surface of an enclosed

system such as pipework, which discourages the initial bacteria/organism layer  biofihn!

fi om forming, thus further inhibiting zebra mussel attachment.

Applying technology developed over 30 years ago, the Blume Antifouling System  BAS!
employs the controlled electrolytic dissolution of copper and alunnnum anodes, to
produce the copper ions and aluminum floe, to inhibit macrofouling in seawater systems. '
2,3 The BAS has been employed extensively on ships, offshore drilling rigs, oil & gas
platforms, and coastal installations worldwide

It was on the foregoing basis that AAcaoTzca undertook development of this proven
rnacrofouling control technology for controlling the fresh water zebra mussel and asiatic
clam,
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Because of the conductivity of sea water it is possible to use the water as an effective
electrolyte when used in conjunction with copper and aluminum anodes as described above.
There are, however, a number of problems arising when trying to adapt the system to work
in fresh water. Although this is a reasonably simple arrangement in sea water the same
arrangement in fresh water would result in current being passed only in the miHiamp range,
when usually a current in the 0.5 to 2.5 amp range would be needed,

To employ the seawater design in this &esh water application would require increasing the
voltage to uneconomicaHy high levels. The problem of the low conductivity of mesh ~ster
has been overcome with the development of the MACROTECH Treatment Unit, which uses
anodes and cathodes in a proprietary cell design,

Fresh water is pumped through the ceH which, in conjunction with the electrical controller
feeding current to the speciaHy designed anodes, causes conductivity in the water and the
anodes then produce the required copper ions and aluminum floe at reasonable voltage levels.
The treated water is then injected into pipework requiring protection.

The unit is of modular design so that the number of cells can be incnMsR to meet the
demands of widely varying Qowrates to be treated. Each standard cell module wiH treat a
Qowrate of 5,000 gpm Also, smaller cells [1,000 - 5,000 gpm] can be supplied as required.

There is also the question of power supply to a large number of ceHs. The power requirement
is s 100 watts per cell so that a ceH for treating 10,000 gpm would reqire s 200 watts, a
20,000 gpm Unit would require s 400 watts, and so on.

The MACRO''CH Treatment Unit works much the same way as a sea water system and
controls the fouling of pipework in two ways. First, by the electrolytic dissolution of toxic
copper into the water, thus killing the veligers and inhibiting adult settlement by reducing their
ability to attach to the substratum as they become increasingly unable to secrete byssus
thuds  their attachment structures!, The target level of copper added to the water is 10 ppb
above the background levels - an environmentally acceptable leveL
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FIELD DEVEI.OPMKNT

1991

A prototype unit was installed at NYSEG's Kintigh Generating Station  Somerset, NY! in
July, 1991 to test the performance of the system hardware and the e8ectiveness for zebra

mussel control. Despite several minor component problems the performance data  i.e.,
evaluation of the controller and cell operation in &esh water! was very encouraging.
These tests proved beyond any doubt that the cell will operate in fresh water at very
acceptable power consumption levels.

Unfortunately several permitting delays resulted in the unit not being allowed to be
continuously on line until mid-September, Since veliger counts being conducted for
NYSEG by Beak Consultants had shown a sharp decline by then, imd5cient growing
season remained to develop conclusive zebra mussel control data in 1991.

Based on the encouraging results and experience gained with the unit at Kintigh, very
significant design modifications were made over the following Winter.

1992

Our 1992 test program was designed to both evaluate the cell design modifications and to
demonstrate the efBcacy of the technology for inhibiting veliger settlement. Ontario

Hydro agreed to include evaluation of the MACROTECH Fresh Unit in the 1992 test

program for their zebra mussel field test rig based at their Nanticoke Thermal Generating
Station.

Permitting delays once again did not allow the unit to be fully operational in 1992,
Fortunately, data developed during conditioning of the unit did confirm several orders of
magnitude reduction in veliger settleinent rates.
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1993

This study, conducted at the City of Toledo's water intake in Lake Erie, investigated the
efFects of electrolytically produced copper and aluminum to inhibit settling of zebra
mussels. The tests were conducted by introducing various amounts of copper solution
into flow-through bioboxes [Figs. I &, 2] and following settling on glass slides placed in
the bioboxes. Samples were collected and analyzed for copper concentrations and slides
were counted for densities of settled mussels.

During the first several weeks of the study  in August 1993! settlement was found to
decrease with increasing total copper concentrations among the bioboxes treated with
electrolytically produced copper and aluminum.

On August 25th two replicate slides fiom compartment 1 of each biobox were counted.
This was 13 days after treatment was begun, which was the same day that the slides had
been put in the bioboxes. Among the bioboxes arithmetic mean numbers settled per slide
did not vary between slides 1 and 2 among the bioboxes, by two-way analysis of variance
[Table 1]. In addition, natural logarithm transforms of the number per slide+ 1, which is a
commonly used transformation for densities, were analyzed by two-way analysis of
variance and geometric means per biobox [=  antHog of the arithmetric mean of the
transformed values! - 1] were calculated [Table 2].

On August 17th and August 23rd infiow and outfiow samples were analyzed for total copper
concentrations. For each day geometric means were calculated [Tables 4 & 6]. Among
bioboxes geometric mean total total copper varied significantly among bioboxes on August
23rd [Table 6]. Using these geometric means for August 17th and August 23rd geometric
means were found for each biobox [Table 7].
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The geometric mean total copper for August 17th and August 23rd, using geometric means
of inflows and outfiows for each day and for each biobox, were compared to geometric mean
setthng on August 25th [Table 8 and Figs. 3 & 4]. Among the bioboxes, settling decreased
as the total copper concentration increased, Geometric mean settling decreased linearly as
the log of the total copper concentration incr~ with a significant correlation coeKcient
[r = -.5986], as shown in Fig. 2. Using the regression relationship Rom this analysis,
predicted number settled and percent of untreated [with a mean total Cu = 1.189 ppb] were
calculated [Table 9]. With a total copper concentration of 10 ppb a density of 4.3/slide or
1,484/m', or 42. 5 4/o of numbers in untreated bioboxes, settled on the slides.

Finally, a best Gt of the copper concentration against veliger settlemetnt data was made
covering the duration of the test program and is presented in Fig. 5. This also clearly shows
the decrease in settlement as copper concentration increased.

Based on the foregoing results a 10 ppb operating level will achieve roughly 604/s reduction
in settlement during the Sununer which  based on our marine experience!, coupled with
removal of settled juvenile veligers during the Winter as their absorbed copper level
approaches toxic level resulting in exfoliation, should result in complete control of zebra
mussel infestation.

l994

A full-scale installation is currently treating the 2,550 gpm service water system at NYSEGs
Greenidge [Dresden, NYJ Station on Seneca Lake. This plant experienced both zebra mussel
and asiatic clam infestations in 1993.
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Numbers Per Slide for Two Reps an 8l25/93

Slide 2Biobox Slide 1 Total Sum YY CT

B-l 34 42 1220 882 21

128 8

338 13
10 16 136

B-3 16 1.5 0.54.5

17 17 144.5 8.5 144,5 8.5
B-5 12 12.5 2.5 4,517

15 22 274 242 32

35 18C-1 18

12 72C-2 80

45C-3 16 1.5 0.5

1712 12.5 2.5 4.5 1.5

144.5 S.5 24.5 3.5169

0.5 0.5 0.5
2412 12

72 224977 149 1665.5 74.5 583.5

Sum YY 1480 2249769

CT 432 494.08 926.08

12.4176.4167

Variance 1048 274.92 1322.9

SE 9.35 4,79

Numbers ANOVA TABLE -1 two-way

24 SS

Sum Y

Sutn YY

grand CT

67.31149 740.46 1,271

1.042 1.0422249 Cols 0.02

52.95925.042 5S2.46

Total SS 1323.96 1323.96

Columns Rows

Sum CT 926.08 1665 5 ANOVA TAB -%'ag

SS col 1.0417 740,46 SS

67.31 1.384

12 583.5 48.625

23 1323.96

23

Tab!c 1 Anal sis of Variance of Total Co er



Table 2 Anal sis of Variance of Total Co

Numbers Pcr Slide for Two Reps on 8/25/93 ln  Y+ I! Values

Biobox Slide 1 Slide 2 Total Sum YY CT Variance SE

B-1 3.555 2. 197 5.7526 9222 0 6791

B-2 0.226 7.775

B-3 16 0.693 0.2 1.449

2.89 2.8904 .1771 77.1.44 3.243

52

B-5 12 0.693 1.609 2,3026 .4198 0,4581 2.162

2.773 .24 0,3468

C-I 1.8933 0.973 1.646

C-2 1.609 5.70&

C-3 16 1.099 1.449

C4 12 2, 162

C-5 1.792 7.832

0.693 0.6931 ,24 0.4140.3466

12 12 24

15.769 21.06 36.8299 9.0509

Sum YY 34.673 43.688 78.3611

CT 20,723

1.31

Variance 13.95

SE 1.08 0.75

GM 2.721 4.784

Number ABLE -1 two wayANOVA T

24 SS

1.622

1.627Cols

Total SS 21.S427 Total 21.842723

Columns

Sum CT ABLE - onc-wsyANOVA T

SS col SS

df col 1.384

12

23

24

Sum Y

Sum YY

grand CT

36.8299

78,3611

56.5184

57 6849 69.31

1,1665 12.792

2.398 4.3438

1.099 1.791S

2.079 4.652

1,946 1,9459

2. 197 3.8067

0.693 1,7918

0.693 2.3026

2.565 4.3567

36.962 57.6&49

1.76 3.07

6.726 20,676

17.46&3 16.546 2.8763

9.5365 9.4343 2,1719

1.6874 1.6052 0.8959

8.3642 4. 1771 1.4452

3.0707 2.6509 1.1513

12.0113 11,7711 2,426

3.7866 1.8933 0.973

7.4181 7.2453 1.9033

1.6874 1.6052 0.8959

3.0707 2.6509 1.1513

9.7894 9.4905 2,1784

0.4S 0.24 0,3466

78.3611 69.31 18.415

12.7918 1.1629

1,66498 1.6649

7.8844 0.7167

12.792 1.1629

9.0509 0.7542

21,8427

.1727 0,2939

.0&22 0,2

.419& 0.4581

,2989 0.3866



OutflowBiobox Total Sum YYhflow CT SE

107 11498 6498B-2 114 57
B-3 16 20761 74.5 9660,511100.5 9.5

110 12125 6612.2115 52.5
37 18012 217 33769 71.523544.5

SS 05

34 32C-I

C-2

122 72C-3 16 12 50
12 21 221 10.5 0.510 220.5

C-5 28 4384 3872 512 16
31 15.530 480.5 420,5 14.5

2412 12

Sum 656 83880770 385 31383114 52497

Sum YY 2510 81370 83880

CT 1083 3S861 36944

9.5 54.667 64.167

4693S1427 45508

10.9 61.SS

Summary Number LE -1ANOVA TAB

24 SS

2526.6 1.452770 27792,8Rows

Sum YY 83880 12240 7.034Cols 12240

1740,3

Total 23

LB - otm-way52497 OVA TAB

SS col 12240,2 27792 SS

27792,8 2526,6 0.966

2615.2512 31383

23 59175.8

25

Table3 Anal sisofVarianceofTotalCo r

Total Copper in PPB ou S/17i93

grand CT 24704

Total SS 59175.8

Columns

Sum CT 36944.3

19142.8

59175.8

57.5 5512.5

108,5 10224.5



able 4 Anal sis of Variance of Total Co r

Total Copper in PPB on 8/1783

Mlow Outflow TotalBiobox Sum YY CT

B-l

1.946 4.673 6.6187 25.622

1.609 4.97 6.5793 27.2S93

B-2

B-3 16 21.6433

6,3099 24.68481.609 4,7 19,9075
B-5 3.611 5.193 6.8039 40.0055 38,7541

1.609 1.792 3.4012 5.8007

1.099 1.609 2,7081 3.7972

5,7841
C-I 3.6668
C-2

C-3 2.3979 5,7499 1.1989 2.87516 1.1989 3.3172.398 0 2. 875

2.303 2.398 4.7005 11.051812

3.332C-5

1.7006 5,7841 1.7006 5.4775.7841

1212 24

19.516 32. S31 52.347 183.4366

47.958 135.48 183.44

158.943 26,174 24.494

Sum YY

CT 31.741 89.82 121.56

1.63 2.74 4.36

16.218 45.657 61.874

SE 1.951.16

GM 5.085 15.424 78.434

Summary Number ANOVA TABLE - I

24 SS

52.347 44,7667

7.3862

1.555217.108

Total SS 69.26 Total 69.26

158.94 ANOVA TABLE

SS col 7,3862 SS

44.767 4.0697 1.994

24.49412 2.0412

69.26123

26

total n

Sum Y

Sutn YY 183,436

grand CT 114. 176

Columns

Sum CT 121.562

4.094 7.4265 27,8672

3,401 3.4012 11.5681

11.0473

27.5768

3,3094 3.718

3.2896 5,6461

3. 155 4.7773

4.4019 l.2514

1.7006 0.0166

1.354 0,13

2.3502 0.0045

3,7133 0.29

4.0697 2,617

7.3862 4.749

1.3635 27.368

1.6802 26.S33

1.5455 23,452

0,791 81.609

0.0912 5.477

0.2554 3.873

0,0477 10.488

0.3811 40,9SS



Table 5 Anal

Biobox Sutn YY CT SE

4.5B-l 1.5 0.5
B-2

B-3 5716 63 3 1.5 1300,5 25.5
32016 3224

B-5 18 22 20

6.5 0,513 85
C-1 45 18.553
C-2 4.5

16C-3 12 104 7210 32
12C4 7.5 0.515 133 112.5 0.5

C-5 18 18

5012 62 2644 1922 31 722 19
12 12 24

Sum 221 298 9484 670377 149 27Sl

Sum YY

CT

.66 19.7

Number LE -1 two-wsyAhIOVA TAB

24 SS

Sum Y 298 3002.83 272.98 1.566

Sum YY 9484 Cols 864 4.958

grand CT 3700.17 1917 174.27

Total SS 5783,83 5783.83Total 23

Columns

Sum CT 4564.17 LE - one-wayANOVA TAB703

SS eol SS3002.8

3002,8 272,98 1,178

12 2781 231.75
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Table 6 Anal sis of Variance of Total Co er

Total Copper ia PPB on 8J23/93

Outflow TotalBiobox l3ose Inflow Sum YY Variance SECT
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Table 7 Anal sis of Variance of Total Co r

Mean VarianceAug 17 Aug23 CTBiobox Dose Sum YY SE
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Anal sis of Variance of Total Co rTable 8

Mean Concentration  GM of ln and Out Flows!

Biobox Dose Aug17 ug23 SE GM
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The First Non-Oxidizing Molluscicide
Treatment in Canada

D.A. Comand and R.C. Matthews

Stelco Inc.

. ABSTRACT

The introduction and virtual unchecked spread of Oreissena polymorpha, the Zebra Mussel,
throughout the Great Lakes Basin has caused significant operating concerns for all water users.
This paper discusses our industrial experience in early detections, chemical mitigation control
techniques and the mitigation performance.
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I NTROD UCTION

The Stelco Steel, Hilton Works baywater system distributes 175,000 USGPM of raw water
from the Hamilton harbour through an extensive underground distribution network The
water is an integral part of the steelmaking process as it is required for both process and
cooling throughout the facility. The effluent is directly discharged back to the Hainilton
harbour via five outfalls, located at the perimeter of the property.

Since their initial introduction in Lake St. Clair in the mid 1980's, the zebra mussel has
spread at an alartning rate, Acknowledging, the potential risk to our operation, a
comprehensive zebra mussel monitoring program was implemented in 1989. During the 1992
infestation season, monitoring results had indicated that a dramatic increase in the mussel
densities had occurred. In addition, numerous sightings of adult zebra mussels throughout
the baywater network were reported plant wide. Sightings included severe fouling in heat
exchangers and full water restrictions to small diameter piping.

To prevent serious macrofouling and water flow restrictions to critical production
equipment, it was concluded that a mitigation program would be required in 1993,

Several control strategies, both mechanical and chemical, were examined aud assessed. Due
to the facilities size and water requirements only two viable control alternatives were
applicable, these being chlorination and a non-oxidizing molluscicide. A cotnprehensive
review was conducted on each alternative,

The focus of this paper is to discuss the monitoring results, the selection of a control
strategy, treatment obstacles, efficacy results, toxicity results and overall conclusions of the
selected treatment which are derived from our industrial experience,
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INFESTATlON RKSULTS - MONITORING SUMMARY

In 19S9, a consultant was retained to assist in the implementation of a monitoring program
that would measure the infestation rate throughout the facility. The approach taken was to
install six bioboxes at various locations throughout the facility.

The bioboxes which act as settling chambers for the zebra mussels were used to identify the
colonization rate of the mature mussel as weH, indicate the population of unsettled mussels
in the water column.

Additional water samples were coHected at the pumphouse in order to indicate the mussel
population entering the facility. This was achieved by using a modified plankton net
constructed of 53 micron mesh. This aHowed water and smaHer organisms to pass through,
while trapping inussel larvae. During each sampling event, three vertical taws were
performed and the samples were concentrated and combined, thus increasing the likelihood
of detecting larvae.

Sampling procedures were designed and implemented by a consultant and our own
personnel. The procedure implemented required that sample retrieval occurred once a week
during the period of the day at which we injected chlorine for algae control, At the time,
the consultant believed that the injection of chlorine for slime control would be sufficient
for the control of zebra mussels. Thus, it was logical for the samples to be collected and the
residual chlorine levels mo ' d h h h l

The monitoring program
was iinplemented during
the spring of every year,
when the water
teinperature reached 12
degrees celsius and
concluded in the faH of
each year when the water
temperature drapped
below 12 degrees. At year
end the bioboxes would
be taken off-line and
stared throughout the
winter months.

The samples were
delivered to the
consultant, for analysis,
at which time, both
population and mortality
values were determined. Figure 1

The following figure,
figure 1, compares the 1991 and 1992 total zebra mussel population suspended in the water

35



column. The data was obtained from sample collection from the free flowing water through
the bioboxes from aU sample sites. The biobox water measures the amount of unsettled
musseis in the water column and is a good indicator of the mussel infestation rate. Similarly,
figure 2, compares the 1991 and 1992 total settled zebra mussel population, The data was
obtained from the coHected biobox culture plate scrapping samples from all monitoring sites.
The culture plate sample is an excellent indicator of the degree of the settled mussel
papula tion.

The data revealed that
the population within our
wa ter supply h ad
increased between 1991
and 1992, by a factor of
30. Stating this, figure 3
illustrates the total
mussel population and
reported mortality levels.
Exnnining this figure, the
conclusion that would be
drawn is that the
chlorination program
used for algae control
was effective in the
protecting the facilities
water system.

Suspicious with the
results, Stelco reviewed
the monitoring program that was implemented. It was discovered that the mortality values
were misleading because the collected zebra mussel samples were taken during peak
chlorination periods. Thus, the mussels were stored in chlorinated water containing high
values of residual chlorine. As well, the samples were transported and stored for an average
period of 48 hours prior to being analyzed. The exposure tiine to the chlorine was not
representative to what was present in our system. As weH, it was discovered that the
mortality levels would increase when the musseis were disturbed from there natural
environment, in this case the biobox.

To verify this speculation, personnel throughout the plant were instructed to open
equipment and look for zebra musseis. The results were alarming. Mussels were detected
plant wide in heat exchangers, pipes, and strainers. Various mussel sizes were found up to
3/4 of an inch.

We had a false sense of security. It was then recommended that a control strategy be
implemented during the 1993 infestation season in order, to avoid any production problems.
A minimum of three treatments per year were envisioned.
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CONTROL STRATEGIES

Several control strategies, both
mechanical and chemicaL were examined
and assessed, Due to the facilities size
and water requirements only two viable
control alternatives were applicable,
these being continuous chlorination and
a non-oxidizing molluscicide, A
comprehensive review on each
alternative was conducted.

CHLORINATION

Our research, indicated that a PicJure 3

continuous exposure to free chlorine in
the range of O,S to 1.0 ppm for a
duration of up to 21 days was required to mitigate adult zebra mussels from our baywater
system. Reason being, the zebra mussel would sense the oxidant in the water and cease
filtering.

Due to the large and variable chlorine detnand for incoming baywater, ammonia
concentrations of G.SS to 0,7S ppm, a chlorine feed dosage in the range of S.2 to 8,4 ppm
 as NaOCl! was required to ensure the required free residual chlorine levels.

To ensure that the chlorine would be distributed uniformly across the plant, in-line chlorine
analyzers were installed. Thus a measurement of residual chlorine concentrations, at
strategic locations throughout the water network could be determined. The recorded data
was then to be used to manually adjust the injection pumps and to achieve the required
concentration throughout the facility.

Since the regulatory requirement at the point of discharge was to be less than 0.01 ppm of
total residual chorine, which is the sum of free  HOCl, OCI! and combined
 HN2C1,NHCl2,NCl3,etc!, a comprehensive dechlorination program would have to be
implemented.

Our analysis indicated that, to destroy both the combined residual chlorine resulting from
breakpoint chlorination of the ammonia and the free residual produced to kill the mussel,
a stoichiometric dose of sodium metabisuiphite, as NaHSO3, would be required in the range
of 4.26 to S.1S ppm at the outfaUs.

In order to dechlorinate effectively, extensive trials were conducted on ORP controllers. The
results obtained from these trials indicated very poor reliability for dechlorination purposes.
Problem being, a very ~nstable signal was produced with which the dechlor process would
have to be controlled. Therefore, to ensure compliance with the regulatory requirements,
a SO percent amount in excess of the stoichiometric dose of sodium metabisulphite. as
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NaHSO4, dosage rate of 6.40 to 12.27 ppm, would be required,

NON-OXIDIZING MOLLUSCICIDE

At the same time that we were reviewing the chlorination treatment strategy, we began our
investigation and review of the non-oxidizing molluscicide.

A detailed review of literature revealed several non-oxidizing molluscicides on the United
States market place. Of interest to us was the success of molluscicide treatments performed
throughout the United States, particularly those conducted using the Calgon H-130M
molluscicide.

The H-130M is a member of a family of chemicals known as quaternary ammonium
compounds or QUATS, similar to the QUATS used in fabric softeners and soaps, The H-
130M itself, is a 10 carbon straight chain QUAT chemically known as a didecyl-dimethyl
ammonium chloride  DDAC!.

The DDAC works by coagulating the mucus layer on the gills of the zebra mussel, thus
inhibiting the oxygen transfer, The result is suffocation of the zebra musseL The key point
to note, is that the zebra mussel does not detect the presence of the H-130M in the water.
Thus the mollusk continues to filter water as normal in the presence of the rnOllusCiCie,
permitting for high mortality rates in very short treatment periods, typically 24 hours. But
very important to note, the H-130M must be deactivated prior to discharge since the mode
of action is not specific for only zebra mussels.

Thus the CA-35-bentonite clay addition must be administered prior to effluent discharge
at a ratio of 5 parts clay to one part QUAT. The clay acts by absorbing any excess H-130M
in the water. Upon reaction with the clay the H-130M does not deabsorb, Naturally
occurring bacteria degrades the H-130M product, by utilizing the nitrogen backbone of the
QUAT.

TREATMENT COMPARISONS

Once all the background work was completed the two alternatives were compared. The
cotnparison was based upon several assumptions;

1. A constant chemical composition of the supply water.

2. A theoretical chlorine demand which did not include allowances for the organic
demand which are greatly effected by sunlight and temperature.

3. That a 50 percent amount in excess of the stoichiometric dose of the sodium
metabisulfate would be required to ensure comphance.

4. The chlorine strategy required capitol costs for the purchase of dechlorination
equipment
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5. The chemical costs of the Calgon control strategy included Calgons labor costs.

6. The comparison was based on the fact that three treatments per year would be
required.

Although their was a significant cost advantage to the molluscicide treatment, there were
more significant advantages to this approach, These being;

1. the treatment duration to obtain 100 percent mortality was 24 hours compared to
the required 21 days for continuous chlorine.

2. a significantly less chemical usage; 1,9 tonne of H-130M and 9,3 tonne of clay versus
1230 tonne of hypochloride and 310 tonne of sodium metabisuKte.

3. less exposure to an environmental spill due to shorter treatment periods.

4. a reduced risk of pipe corrosion.

5. the elimination of the concern that employees would be exposed to chlorine odors
across the facility. This was an important Health and Safety concern within our
plant, because in certain mills there were existing complaints of chlorine odors
during our daily injection of chlorine for algae control.

Although, there were some disadvantages in the inolluscicide treatment strategy, These
being;

1. it was a new chemical application in Canada and approvals, at the time had not been
issued and,

2, literature reviews indicated a fast release of debris after treatment. A concern that
could not be ignored, because of the possibility of a significant slough-off which may
have effected operations.

PRE-TREATMENT ACTIVITIES

Regardless of the strategy that would be implemented, concurrent tasks needed to be
addressed in order that a successful treatment could be implemented,

Water flow and distribution within the facility had to be understood as welL a plant wide
awareness and education program would be required to avoid any interruption to
production,

To determine the water distribution, a computer model used by our design groups was
updated, The model allowed us to identify low Qow areas within our network and predict
potential areas in which large slough off rates may occur.

Also, the collected data from the model allowed us to revamp  he monitoring program, so
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that the degree of infestation could be better understood and measured,

A notification was sent to all operating units indicating the intention to irnplernent a control
program and of the potential risks involved. Several presentations were made across the
plant at various levels, The intent was to educate the operating personnel of the potential
risks and actions that could be taken in order to avoid any interruptions to the operations,
To keep all personnel updated of the progress made towards implementing a control
strategy, a bi-weekly newsletter was issued.

DECISION TO PROCEED

After reviewing the alternatives it was recommend to senior management to proceed with
Calgon's approach providing that all necessary regulatory requirements could be met in time
for the 1993 treatment season.

The objectives of the program were;

to provide 100 percent mortality of the zebra mussels within the Hilton Works
facility.
to provide a treatment strategy that wouM not impact the environment.
to ensure that all environmental guidelines were met.

ZEBRA MUSSEL TREATMENT

Although the H-130M was registered by the Environmental Protection Association  EPA!
in the United States, it was not approved in Canada

In order to apply the product and generate data to support registration in Canada, an
application was made by Calgon Corporation to administer the product at the Stelco Hilton
Works facility. After an. extensive review of the application, permission was granted by
Environment Canada for the administration of H-130M for zebra mussel control at the
Stelco, Hilton Works facility,

However, following the approval at the federal level, provincial and regional approval had
to be obtained from the Ontario Ministry of the Environment and Energy  MOEE!, A
Certificate of Approval was granted to Calgon, for the discharge of water from Stelco
Hilton Works facility during the treatment period. The Certificate of Approval stipulated
that the effluent concentrations for Total Suspended Solids from the facility could not
exceed 15 parts per million. As weil, the effiuent streams from the facility had to be
sampled every three hours for the measurement of the Didecyl Dimethyl Ammonium
Chloride. Furthermore, composite samples were to be collected during the treatment so that
aquatic toxicity testing could be performed.

The plan was to have Calgon perform two treatments at Stelco in 1993, One successful
treatment, early in the infestation season and the second later in the season, The purpose



of the first treatment would be to Gush the water system of any existing mussels. The second
treatment would flush the mussels that would have infested the water system after the
previous treatment. This would also insure minimum growth through the winter months of
the mussels that may have infested the water network.

The scheduling of the treatinents were dictated by the ambient influent water temperature.
Since, the molluscicide is not as effective at water temperatures below 12 degrees celsius
because the zebra mussel does not actively feed and reproduce. The first treatment was
scheduled for mid July and the second for late September before the water dropped below
12 degrees.

The H-130M was applied at the baywater pumphouse, in a neat form at the prescribed rate
of I ppm for 24 hours. To ensure proper dispersion through the facility, product residuals
were confirmed throughout the plant by taking samples at several strategic locations.

Prior to effluent discharge, 5 ppm of CA-35 bentonite clay was added at the Gve outfalls of
the plant. Administration of the clay was conducted using the Calgons' portable
detoxification trailers. The trailers were designed achieve a consistent clay and water slurry
prior to discharge. Residual testing at the outfalls confirmed that the molluscicide was
absorbed on to the clay, thus the outfalis did not contain any free biocide residuals.

During both treatments, no major operating problems were encountered.

EFFICACY TESTING AND RESULTS

In order to determine the effectiveness of the treatment strategy, a third party consultant
was retained to perform a bioassay study that would determine the mussel mortality rate.

The consultant seeded seven bioboxes, by placing several baskets containing 10 live mussels
within the biobox, several days prior to the start of the each treatment. This procedure was
conducted in order to allow the mussels to acclimate to the water. Prior to each treatment,
the seeded bioboxes were inspected in order to determine the background mortality rates.

The background analysis revealed that for the first treatment, July 1993, 7 out of 654
rnussels had died. The reinaining baskets, containing the live zebra mussels were subjected
to the water treated with the H-130M. After the 24 hour treatment, the consultant removed
the mussels from the bioboxes and analyzed for initial "apparent" mortality at 24 and 4S
hours following the initiation of the treatment. The criteria used for determining apparent
mortality included inussel gaping and non-response during gentle prodding.

Since some mussels were not gaped open, they could not be considered dead. These mussels
were brought back to a laboratory and placed into recovery tanks for an additional 24 hours,
Thus, after 48 hours after the initiation of the treatment, the mussels were analyzed again.
If the mussels remained closed or gaped open and did not respond to prodding, then they
were considered dead.

The 48 hour analysis indicated that 100 percent mortality was achieved at all the test sites.
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For the second treatment which was in September 1993, the consultant was again contracted
to seed aH the bioboxes. However, for this treatment it was requested that each biobox be
seeded with both zebra and quagga mussels. Again, a background mortality analysis was
conducted, which indicated that 3 out of 640 mussels had died.

FoHowing the treatment, a 24 and 48 hour apparent mortality was conducted. The overall
results determined by the 4S hour apparent mortality test indicated 100 percent mortality
for both species.

EFFLUENT QUALITY

Water satnples were coHected from influent and each effluent stream prior to the
mofluscicide treatment. As well, composite samples were coHected during the treattnent at
aH effluent streams. The samples were submitted to an independent laboratory to perform
the acute and chronic toxicity studies. These studies were to determine if the treated and
untreated effluents would affect the survival, growth and reproduction of aquatic test
organisms.

Acute lethality of effluent was determined by exposing a suitable number of test organisms
of Rainbow Trout and Daphnia Magna to the test solutions. As well, the chronic lethality
of the effluent was determined by using the larval, growth and survival of the Fathead
Minnow and the effect of reproduction and survival of the Cladoceran Ceriodaphinia Dubia.
The prescribe protocols, EPS 1/RM/14, EPS 1/RM/21 and EPS 1/RM/22 were indicated
in the Certificate of Approval.

The Daphnia Magna 48 hour toxicity tests indicated that the samples were not acutely lethal
to the daphnids. As well, the results of the 96 hour toxicity test using the rainbow trout
indicated that all the test water was non-lethal to fish and there was no sublethal
impairment observed during exposure time. Finally, there was virtually no indication that
chemical treatment would impair growth of the Fathead Minnow, Fry or reproduction of
Ceriodaphina,

Several composite samples were collected during each treatment and analyzed for total
suspended solids. The concern was that the addition of the bentonite clay would significantly
increase the effluent loadings.

The analysis of the collected samples indicated that there was an average increase of in the
gross concentration of total suspended solids of 6 ppm. The result, all effluent discharges
remained below the 15 ppin limit,

FinaHy, to ensure that the effluent streams were detoxified, samples were collected and
analyzed for residual levels of the dideci-dimethyl ammonium chloride  DDAC!. The
recorded residual levels of the DDAC in the effluent streams were on average 0.0006 ppm
greater than the background concentrations found in the influent water stream.



CONCLUSION

The implementation of both treatments in 1993 were successful, in which they had met our
outlined objectives, that is;

100 percent mortality of the zebra mussels within the facility was achieved.
a control strategy was implemented that had no impact on the environment.
all environmental guidelines were tnet.

As well, there was minimal interruptions to the operating divisions. This success was mainly
due to the fact that contingency plans throughout the plant were put into place, in the event
of the loss of water. The plan included the installation and monitoring of water strainers
and around the clock surveillance of the water network.

The effect of the treatment was seen within hours after the commencement of the chemical
injection. Dead mussels began sloughing off and turning up at strainers throughout the
plant. The volumes ranged from handfuls to shovelfuls.

It is actually, interesting to note that after treatment the water had a foul smell. It is
believed that the rnussels began to decay and decompose. This correlated with the discharge
of slimy material from our system.

After the first treatment the slough-off continued for several weeks at different areas
throughout the plant. In one case, at an open outfall, several cubic yards of shells could be
seen.

The 1993 monitoring results are
depicted in figure 4. Figure 4 illustrates
that there was a significant reduction
in the reported settled mussels within
our facility when compared to the
previous year. This may be attributed
to the successful control stra tegy
implemented during 1993. It is believed
that the treatment had flushed our
system of settled mussels thus
eliminating the cumulative ef'feet of
measuring both the mussels that were
brought into our system at the intake
and the mussels that were breeding
within the system. However, it is
important to note that the zebra mussel
population in the biobox water sample
retnained at relatively the same levels of Figure 4
those reported in 1992. Remembering
that this result is used as an indicator to
measure the degree of infestation, future
control measures will need to be implemented.



In the fall of 1993, the bioboxes were left in service and visually inspected throughout the
course of the winter, As of yet virtuaUy no mussels have been sighted within the bioboxes,
and for that matter throughout the plant, thus the application of the second treatment has
met aH our expectations,

In conclusion, the turn key approach used by Calgon for the control of zebra rnussels is not
only cost effective but was also very viable.

In our water system, we are certain that the implementation of a chlorination and
dechlorination program, would not have been as effective as an overall treatment because
of the high ammonia levels in the intake water and possibly not even applicable because of
the potential health and safety issues.



CARBON DIOXIDE AS A

NARCOTIZING P RE-TREATMENT FOR

CHEMICAL CONTROL OF

DREISSENA POLYMORPHA

William J. Eizirlga and Todd S. BUtZlaff
Environmental Science and Engineering, inc.

St. Louis, Misssouri

Abstract

Measures of zebra mussel control to date have been wide ranging, including such
strategies as the use of thermal treatment, protective coatings, filtration, mechanical
removal, and the use of oxidizing and non-oxidizing molluscicides. While many of these
ineasures have been shown to be successful, they often have limitations related to cost,
incompatibility with facility design, regulatory resistance to biocide use, and stringently
regulated discharge limits. Prelirmnary studies on another macrofouling organism  the
asiatic clam, Corbicula fluminea! have demonstrated narcotizing effects of carbon dioxide
at concentrations of 100 mg/1 and toxic effects at concentrations of 500 mg/L This
investigation was conducted to evaluate the effectiveness of using carbon dioxide  Chas
a non-toxic treatment alternative for the control of the zebra mussel  Draissena
polymorpha!. The study approach was developed to evaluate the effectiveness of
treatment using carbon dioxide by itself and as a pre-treatment to chlorination on multiple
size classes of mussels �-S mm, > 5-10 mm, and ! 10-15 mm! under two temperature
regimes �8 and 22'C! and varying application rates and exposure durations �8 and 96
hr!. Results of these tests indicate that a narcotizing response that is identified by gaping
of the mussel, can be induced by exposure to carbon dioxide in a relatively short period
of time  less than 6 hours!. Mortality has been observed to occur in tests using carbon
dioxide by itself and as a pretreatment for chlorination in both 48 and 96 hour test
durations. Consequently, this procedure may prove to be a valuable alternative treatment
method for control of zebra mussels, particularly in areas having stringent regulatory
discharge limits.
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1,0 INTRODUCTION
The selection of the most appropriate zebra mussel control strategy can be a difficult
process. Numerous strategies have been developed and are available for use. These
include the use of thermal treatment, treatment by oxidizing and non-oxidizing chemicals,
molluscicides, mechanical removal, filtration and the use of protective coatings, to naine
a few  Claudi and Mackie 1994, Edwards er al 1993!.

In many cases, the configuration of the industrial system  i.e., intake location, type of
intake, type of facility or process, facility design, flow characteristics, etc.! cost, water
quality, and degree of infestation are important determinants of the control measures
selected. Because of these factors, plant managers often select a combination of control
measures to effectively treat different component systems within their facility  eg. inain
circulating water system vs. fire suppression system!.

Chlorination is one treatment alternative that appears to be widely applied. In large part
this is due to its familiarity with and acceptance by the regulatory community. However,
because of environmental concerns regarding its use, and the cost of its application,
minimization of chlorination requirements is often the goal of regulators as well as plant
managers. In recent years, an increasing amount of research has been conducted to
evaluate the use of chlorination as a zebra mussel control. measure. These studies have
been performed using hypochlorite, chlorine dioxide, and chloramines under both
continuous and intermittent treatment regimes  Khalanski 1993, brenner and Janssen-
Mommen 1993, Fraleigh er at, 1993, Brooks et al 1993, Bardygula-Norm 1993!. Much
of the research using hypochlorite has shown that chlorination can be effective, but
because of a long dose-response time �0-30 days  Van Benschoten er al, 1993!!, it
requires application over a long time period.

Carbon dioxide is a gas that has been used in industrial processes for a number of years
in controlling pH. At electric generating stations it has been used for the acidification of
ash pond water in addition to being used to control scaling in house service water systems
 Wine and Morrison, 1986!. Preliminary studies performed by CommonweaIth Edison
Company in the early 1980's  CECo, unpublished! demonstrated that the application of
carbon dioxide  COi! had a "narcotizing effect" on another biofouling organism, the
asiatic clam  Corbicula fluminea!. This effect, marked by a gaping response, was
observed at concentrations of 100 mgil, whereas, toxic effects were observed at
concentrations of 500 mg/I.

The purpose of this investigation was to evaluate the effectiveness of using CG, as a
non-toxic treatment alternative for the control of the zebra mussel  Dreissena
polymorpha!. Individuals responding to the application by exhibiting a gaping response
may be more susceptible to treatment by oxidizing chemicals like hypochlorite at much
reduced concentrations and for shorter durations. In order to evaluate this relationship,
several specific study objectives were formulated:
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Determine the sub-lethal narcotizing concentrations of CO�
Determine the lethal levels of CO, in a closed system,
Evaluate the control effectiveness of NaOC1 and CO, in
combination,
Evaluate the overall effectiveness of this combination at various test
durations �8 and 96 hours!,
Determine the effects of temperature �8 or 22'C! on organism
response, and
Determine the size related effectiveness of the above test conditions.

For the purposes of this paper, detailed results of tests performed using only CO, will be
presented for the 6-10 mm size class only. However, results from all size classes will
be presented to illustrate size dependant response results as well as results of various
treatments using the combined application of CQ and NaOC1.

2.0 METHODS AND MATEMALS

Test specimens of Dreissena polymorpha were obtained by field collection from ESE's
Ecology group, and maintained in-house at ESE's Aquatic Toxicology Laboratory
throughout the duration of the research project. Collections of the 6-10 mm and 11-15
mm individuals were made in October 1992 at CECo's Waukegon Station on Lake
Michigan, whereas individuals of the 1-5 mm size class were collected in October 1993 at
CECo's Fisk Station on the North Branch of the Chicago River.

All mussels were cultured and tested in temperature-controlled areas at 18  + 1!'C and
22'C  +1!. During the holding period, the mussels were fed a suspension of algae
 Selenastrum capricornutum and Ankistrodesmus falcarus!, which was supplemented with
a flake food  Tetra+ Conditioning Food! suspension. Only healthy, active mussels were
selected for testing.

A half-liter proportional diluter system described by Mount and Brungs �967!, dosed
with a Hamilton~ Micro Lab 420 syringe dispenser, was used to intermittently intmduce
dilution water and Sodium Hypochlorite into the test chambers. A manifold constructed
of PVC pipe, equipped with 5 brass needle valves and a two-stage gas regulator attached
to a 50-pound CO, cylinder was used to continuously introduce CQ into the test
chambers. The system contained six sets of two replicate 40-milliliter test chambers,
designated as control, and level //1 through level 45. Flow-splitting boxes equipped with
lids were used to thoroughly mix and divide each NaOC1 and CQ concentration for
delivery to the test chambers. The CO, was continuously dosed to each fIow-splitting box
 excluding the control level! via I/4-inch tygon tubing attached to its respective needle
valve located on the CO, manifold, To improve CO, saturation of the influent water, the
tubing used to deliver the CO, to the fiow-splitting boxes was equipped with an air
diffuser to decrease CO, bubble size and increase the CO, surface area that contacted the
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incoming water, improving the CO> dosing efficiency. To minimize turbulence, the
influent water was introduced into the test chambers via 1/4-inch tygon tubing. Glass
vials �0-mls! labeled A and B, were used as test chambers. These chambers had screw-
on caps with influent and effluent tubing to allow adequate test solution exchange within
the test vessels while preventing the mussels from escaping. The test inussels were
placed in each of the duplicate chambers at the start of the study and observed at given
test intervals. For the 48 hour test, observations were conducted at 0, 4, 24 and 48
hours, and for the 96 hour test, observations were made at 24 hour intervals.

The dilution water used in this study was a hard-blended water prepared to a total
hardness between 160-180 mg/L as CaCO,. The specific water hardness was obtained by
blending ESE's well water with soft blended water  a combination of ESE's weH water
and lime-softened water!. Water quality parameters of temperature, hardness, dissolved
oxygen, pH, alkalinity, and conductivity were measured daily for the duration of each
study. The dilution water was delivered intermittently to each test chamber at a rate of
500 mls every 8 minutes. This resulted in an average rate of 12.3 ml/min, an amount
which was sufficient to replace the 40-ml test volume 443.8 times in a 24-hour period.

Concentrations of NaOCl were measured by means of spectrophotometric analysis. This
analysis was accomplished using the DPD colorimetric method of analysis for chlorine as
outlined in Standard Methods for the Examination of Water and Wastewater  American
Public Health Association, 1989!. This method was validated for the detection of sodium
hypochlorite as free chlorine before study initiation.

Concentrations of CO, were measured at 0, 2, 4, 24, 48, 72, and 96-hours by means of
titrametric analysis by titrating the sample with sodiuin hydroxide to a phenolphthalein
end point. Samples were analyzed for the presence of CO, by means of a Hach model
16900-01 Digital Titrator equipped with a 3.636 N NaOH Titration Cartridge.

The test chambers were immersed in a temperature-controlled water bath held at 18'C
 +2 C! or 22'C  +2'C! in order to meet specific test parameters. The drain system of
the water bath was equipped with 41 pro nylon mesh  Spectra/Mesh~ of Spectrum
Medical Industries, lnc.! to prevent any veligers potentially released during the studies
from leaving the test system and/or entering the municipal sewer system. Temperature
was recorded continuously with an electronic Data Logger. The proportional diluter
system used for the project was calibrated prior to testing by checking volume deliveries
from the diluter mixing cell to obtain a dilution factor used for stock preparations. The
diluter system was set to provide test levels at -50% dilutions of each other.

T~~&~~i~in
As specified by the above study objectives, completion of the project was conducted in
several phases. All testing was performed on individuals of three separate size dasses �-
5 mm, 6-10 mm, and 11-15 mm! at 18 and 22'C. Tests using CQ and the combined
application of CO, and NaOCl were conducted for 48 and 96-hour durations with a 24-
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hour latent period to determine delayed mortality effects. In contrast, tests using only
NaQC1 were performed for the 96-hour duration only.

The initial phase of the investigation consisted of a series of tests designed to evaluate the
response of D. polymorpha to exposure by CQ. The response of zebra mussel to
applications of CO, were evaluated for multiple test durations and application rates in
order to determine lethal concentrations  LC,Q! and effective concentrations  ECQ. The
response considered to be an effect for these tests was the gaping response in which it
was presumed that D. polyrnorpha would become more vulnerable to exposure to other
control measures. A closed response, for the purposes of this investigation was not
considered to be an effect of the CQ application. This work was scheduled to be
conducted at two temperature regimes �8 and 22'C! for two test durations �8 and 96
hours!. Determination of lethal and sub-lethal effects of CG, will be limited to tests with
the following target concentrations: 50, 110, 180, 270, and 500 mg/l.

The second phase of the investigation consisted of the application of hypochlorite
 NaOCl! to establish baseline data as to the lethal concentrations of NaOC1 required for
zebra mussel treatment. A geometric dilution series was used in the testing in which test
concentrations were 5.0, 2.5, 1.25, 0.6, and 0.3 mg/1. Based upon recent literature
however, it was recognized as unlikely that lethal concentrations would be achieved
within either a 48 hour or 96 hour test duration  Van Benschoten, er al, 1993!.

The final phase of the investigation involved combined application tests using COz and
NaOC1 designed to evaluate the effectiveness of CQ in increasing the vulnerability of
zebra mussels to chlorination. During these series of tests, a CQ concentration of 150
mg/1 was applied to each treatment. Using this as a pretreatment, NaOC1 was applied at
4 hours into the test using the same geometric dilution as the baseline studies.

Replicates for each test consisted of 5 individuals of zebra mussels of the same size class.
This number was based on the ability to adequately observe each of the individuals of the
replicate at various observation periods during the tests.

3.0 RESULTS AND DISCUSSION

As hypothesized, the effectiveness of using CO, as a pretreatment alternative to
application by NaOCl is dependant upon its ability to induce a gaping response in tested
individuals. In order to evaluate this relationship, tests were conducted for 48 and 96
hour durations at 18 and 22 'C for three separate size classes of test organisms. Results
of these tests are presented in Figures 1 and 2, respectively for the 6-10 mm size classes.
Graphs presented to the left of the figure illustrate the effectiveness of each CO, treatment
in inducing a gaping response, whereas graphs on the right side of the figures illustrate
lethal effects. As is evident in both the 48 and 96 hour test, a gaping response was
evident in more than 50% of the test population. In addition, this response appeared to
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be produced after only a short exposure duration � hours! as was evident from the 48
hour test. Both temperature and test duration appeared to influence the effective
concentration. EC>z values for the 48 hour test were 162.0 rng/1 and 253 mg/1 at 18 and
22 'C, respectively. Similarly, EC» values for the 96 hour test were much lower �4.0
and 82.0 mg/1!, reflecting a greater effectiveness at more extended test durations. Lethal
concentration was also variable with respect to temperature and test duration. LC»
values for the 48 hour test were 196 and 290 mg/1 at 18 and 22 C, respectively.
Similarly, LC» values were markedly reduced for the 96 hour test �4 mg/1 and 81 mg/1
at 18 and 22 'C, respectively!.

Delayed mortality effects were also evident. In many cases, specimens that were
observed to be gaping subsequently died during over the course of the next observation
period. Potential causes of mortality appear to be water quality related. As is illustrated
in Figure 3 for the 96 hour test at 18'C, dissolved oxygen and pH values were
successively reduced with increasing CO, treatment levels.  This pattern was simiIar for
other tests conducted for different durations and at difTerent teinperatures.! In fact, pH
values during the 96 hour test were depressed below 6.0 for all COz application levels
 probably attributable to the formation of carbonic acid! and were as low as S.2-5.3 for
the 2SO mg/1 and 400 mg/1 treatments. As presented by Vinogradov, er al �993! pH
values less than 7,0 disrupt ion exchange and interfere with calcium metabolism.
Mortality evident in this study is similar to that reported by Vinogradov, er al �993! in
which 75% mortality was observed after 4 days of exposure to low pH. It is important to
note however, that water quality conditions typically recovered to pre-test conditions
shortly after the termination of the test, suggesting rapid recovery of the system.

The effectiveness of the combined treatment  i.e., CO, and NaOCI in combination! was
evaluated by comparing responses of each combined application with the base responses
obtained from tests using NaOCl only and with CQ applications at 150 mg/I. This value
was the only CO, test concentration used in the comparison as this was the EC» value
administered as part of the combined application treatments. A comparison of the
coinbined treatments is presented in Figure 4. Results of tests conducted at 18'C are
presented on the left side of the figure, whereas test conducted at 22'C are illustrated on
the right side of the figure.

Among the tests conducted at 18'C, responses to the combined application in all cases
exceeded the responses to other treatments. A mortality rate of 10 percent was observed
in the NaOCl treatinent �.0 mg/I! of the 1-5 mrn and 6-10 rnm size classes after 96
hours. No response to chlorination was evident among the 11-15 mm size class. By
comparison, treatment using CO, by itself resulted in a mortality rate of 60-100% after
96 hours. Combined application in treatments however, typically resulted in 100%
mortality after 96 hours and 60-80% mortality after 48 hours �8-hr LC»=0.75 and 0.76
for the 6-10 and 11-15 mrn size classes, respectively!. In contrast, the LC» value was
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much greater for the 1-5 mm size class suggesting a differential vulnerability to treatment
with respect to size.

Results of tests conducted at 22 C are presented for the 48 hour test in Figure 4.
Patterns of response were similar to those established in the 18 C test in which combined
applications typically resulted in 60-80% mortality after 48 hours for the 6-10 and
11-15 mm size classes. As was evident for the 18'C tests a lower response appeared to
be evident among the 1-5 rnm size class, again suggesting a differential response to
treatment for this size class. Respective 48-hr LCgp values for the combined applications
to the 1-5 mm, 6-10 mm, and 11-15 mrn size classes at 22 C were 3.98, 0.42, and 0.48
mg/1, suggesting a slightly increased vulnerability at higher temperatures. An increase in
the metabolic rate of D. polymorpha at higher temperatures may account for this effect.

n

An examination of the effect of size on vulnerability to treatment was made by comparing
both gaping and mortality responses when test organisms were exposed to CQ by itself
�80 mg/l! Figure 5! and by comparing mortality responses to combined applications
 Figure 6!. As is evident in Figure 5, response to application by CO2 appears to be
greater among the 6-10 and 11-15 mm size classes. A gaping response of only 30% was
exhibited for the 1-5 mm size after 4 hours of exposure at 18'C. No gaping was
observed thereafter. In contrast, in tests conducted at 22'C, the gaping response of the
1-5 mrn size chss was more similar to that of the other size classes.

A lower incidence of gaping in Figure 5 between observation periods indicates a change
in the response of the tested organisms from that of gaping to one in which they were
either observed to be closed or were determined as dead. This change in response is
most evident in Figure 5 among the 6-10 rnm and 11-15 mm size classes in which
reduction in gaping percentages are generally mirrored by increases in mortality. As
suggested by Figure 5 the incidence of mortality among the 1-5 min size class was low
relative to that of other size classes �% at 18 C, 10% at 22'C!, suggesting a lower
vulnerability to treatment by CQ, and ultimately a greater tolerance to reductions in pH.

Size dependant response to the combined application of CQ, and three of the five NaOC1
treatment levels is presented in Figure 6 for the 6-10 mm size class under the 18 C and
22 C test conditions. The results of these tests confirm the reduced vulnerability of the
1-5 mm size class to treatment. No mortality was evident at either temperature in the 0.3
rng/1 treatment; mortality was 20% in the 0.6 mg/1 treatment under both temperatures;
and mortality was 10% in the 1.25 mg/1 treatment under the 22 C test conditions. In
contrast, the 6-10 mm and 11-15 mm size classes exhibited a mortality rate of 100 and 80
percent under the same conditions. Individuals representing the smaller size class of D.
polymorpha therefore, appear to demonstrate a distinct differential vulnerability to each of
the treatment alternatives tested  Figures 4-6!. This result however, may be in part,
attributable to the use of specimens collected from a slightly different location  N. Branch
of the Chicago River! and from different years �922 vs. 1993!. Repetition of the tests
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using specimens within the 1-5 rnm size class from multiple locations may provide
information that more clearly describes this relationship,

4.0 CONCLUSIONS
The application of CO2 represents an effective and viable treatment alternative to control
resident zebra mussel populations. Sub-lethal narcotizing effects can be induced after
only short exposure periods � hours!, whereas lethal effects can be induced after 24
hours of exposure and can reach 100 percent after 72 hours. In addition, it apped that
the treatment of D. polymorpha is size dependant, with individuals of the 1-5 mm size
class notably less vulnerable to treatment. When used as a pre-treatment to chlorination
with NaOCl, CQ effectively increases mortality rates and decreases required contact
times. Consequently, for facilities currently using chlorination as a control measure, the
duration and concentration of NaOC1 treatments may effectively be reduced using a
combined treatment approach using CO,.
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Abstract � Zebra mussels  Dreissena polymorpha! can be stimulated to spawn with
external application of serotonin �-hydroxytryptamine, 5-HT!. To develop methods
of controlling zebra mussel spawning, the effects of methiothepin and rnetergoline,
two compounds known to have high affinity for both vertebrate and invertebrate 5-HT
receptors, on 5-HT-induced spawning in zebra mussels were tested.

To test for inhibitory effects, mussels were pre-treated with inethiothepin or
metergoline for two hours, after which they were exposed to 5-HT for four hours and
scored for male or female spawning. Sex and maturity of all non-spawning animals
were assessed by dissection at the end of the experiment.

Methiothepin significantly reduced spawning induced by 10 M and 10' M 5-
HT in both males and females. Significant reductions in spawning were obtained with
methiothepin concentration as low as 10 M, 100-fold less than the corresponding 5-
HT concentration. Metergoline �0 M! reduced spawning elicited by 10' M 5-HT;
however, at lower concentrations �0' M to 10' M!, metergoline itself significantly
induced spawning in male zebra mussels but not female zebra mussels. Metergoline
�0' M!-induced male spawning was inhibited by 10' M methiothepin.

Thus, methiothepin had effects on spawning at concentrations as low as 10
M, and metergoline affected spawning, inducing it in males, at concentrations as low
as 1 V M. In other experiments  Fong et al., in press, b!, methiothepin produced
lang-lasting inhibitory effects on female spawning latency at concentrations as low as
10" M. Methiothepin is the most effective inhibitor and metergoline the most
powerful activator of spawning yet tested in zebra mussels. Similarities in the
pharmacology of spawning in zebra mussels to the results of ligand-binding studies in
the freshwater snail Lymnaea suggest that the receptor mediating spawning in zebra
mussels may be related to 5HTlym, a serotonin receptor in Lymnaea that has been
cloned by Sugamori et al. �993!.



INTRODUCTION

The zebra mussel is a bivalve that was recently introduced accidentally into
North America  Hebert et ai�1989; Ram et al., 1992!. Although best known for its
biofouling effects, the zebra mussel has proven to be a highly suitable organistn for
studying neurotransmitter control of reproductive behavior in a bivalve. As described
briefly below, there is excellent evidence for the physiological role of serotonin in the
regulation of spawning in zebra musseis. In addition, several serotonergic agonists
and antagonists of zebra mussel spawning have previously been identified; however,
until now, no agonist or antagonist had been shown to be active in regulating
spawning at concentrations lower than that of serotonin, It was the purpose of the
present study to identify more effective agonists and antagonists of spawning

Zebra mussels spawn in response to serotonin applied either by injection or by
external application in the surrounding water  Ram et al., 1993a!, As little as 5 min
application of serotonin is enough to trigger a complete spawning episode  Fong et
al., in press, a!. At room temperature male zebra mussels usually spawn within 30
inin; whereas, female musseis take an hour or more  Ram et al., 1993a; Fong et al.,
in press, a,b!. Histological analysis shows that prior to serotonin application ripe
oocytes are normally arrested at prophase I with large germinal vesicies. Following
serotonin application, germinal vesicles break down and oocytes mature to tnetaphase
I, with spindles clearly evident, prior to release from the animal  Kyozuka et al,,
1993; Fong et ai., in press,a!. Spawned oocytes are almost uniformly at metaphase I
and remain at that stage until fertilization. Studies of sperm inotility and fertilization
have shown that serotonin-released sperm are active, and oocytes are capable of
fettilization and early embryonic development  Crawford et ai., 1991; Kyozuka et al,
1993; Miller et ai., 1994!. Serotonin has been deinonstrated immunohistoiogically
and by HPLC analysis to be present in zebra mussel gonad, supporting its role as a
physiological mediator of spawning and oocyte maruration {Ram et al�1992!.

The receptor mediating spawning has been characterized pharmacologically by
determining effects of specific serotonergic agonists and antagonists. 8-OH-DPAT
and serotonin were about equally effective at stimulating spawning  Ram et al, 1992;
Fong et al., 1993!; TFMPP, 2-methylserotonin, and alpha-methyiserotonin were ail
less effective than 8-OH-DPAT and serotonin at inducing spawning  Fang et al,,
1993!. !n studies of possible antagonists, ketanserin and propranolol had no effect;
mianserin, NAN-190, and cyproheptadine had partial inhibitory effects  Fong et al.,
1993!. The pharmacological profile for inducing/blocking spawning does not fit
readily into vertebrate serotonin receptor categories, however, Sugamori et ai. �993!
has recently cloned a serotonin receptor, SHTIym, from the freshwater snail ~Lmnaea
for which the ligand-binding profile in the receptor in an expression system more
near/y resembles that of the pharmacology of zebra mussel spawning. In their study,
Sugamori et. al. �993! identified several compounds that had much higher binding
affinities for 5HTlyrn than either serotonin or 8-OH-DPAT. The present study
investigated two of these high affinity iigands, methiothepin and metergoline, for
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effects on spawning in zebra tnussels.

MATERIALS AM! METHODS
Animal handling procedures

Zebra musseis were collected on May 28, l993 from Lake Erie by scraping
clumps of mussels from vertical steel bulkheads at the Detroit Edison plant in
Monroe, MI. Animals were maintained in the laboratory with moderate feeding at
12 C in thermostatically controlled aquaria until needed for spawning experiments.
Such animals have remained responsive to spawning inducers until late September
 Ram et al., 1993a!. Reproductive state of animals was monitored by sampling a
group of atumals by squash mounts or by testing responsiveness to serotonin  see
below! on at least a biweekly basis either in the course of scheduled experiments or as
a regularly scheduled maintenance activiry.
Spawning bioassay

Procedures for testing effects of agonists and antagonists on spawning were
similar to techniques previously published  Fang et al., 1993!. Briefly, the
procedures were as follows: ~Anni~@: Ripe zebra mussels were each placed in 10
ml buffered aquarium water in individual vials at room temperature. Generally,
control and experimental animals were tested in groups of 10 to 20 animals at a time,
This number is large enough to give reliable and statistically significant differences
between groups, with respect to spawning v. no spawning, as tested by Chi square or
Fisher exact tests. In all experiments, groups having no chemical addition or only
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Figure l. secs of loMmerbior'bepin on spawning induced in ebra musse-is by
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Each group conrained 10 animals. ~, p�.0007, comparing IF M methiorhepin to4

no merhiothepin. Reprt'nred by permission from Fong er aL, 1994.
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Figure 2. Dose-response curves for �ebra mussel spaivning in l0 Martd 10 M
serotonin �-HT! in the presence of varying concentrarions of methiothepin. Each
group contained l0 animals. *, p�,05, compared to seroronin alone. Reprinted
wish permission from Fong et al., 1994.
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vehicle added  negative control; 1% ethanol vehicle in the case of metergoline!, or
10 M serotonin  positive control! were tested along with groups exposed to various
concentrations of the chemical of interest. Spawning responses were assessed by
sampling the water surrounding the mussel. Two drops were placed on a slide,
covered with a coverslip, and searched under high power tnicroscope for eggs or
sperm, Frequently, the response was so massive that the surrounding water became
cloudy with sperm or the bottom became carpeted with oocytes, in which case the
microscopic assessment. was merely for corroborating the response and determining
sex Observations of spawning response were usually made at least once every 15
min, to determine latency of response. The sex and tnaturity of all non-spawning
animals were subsequently determined as described below. ~Anta oni ts: The
procedure for testing antagonists was similar except that the chemical to be tested was
added to the medium two hours before adding serotonin. The antagonist remained in
the medium throughout the subsequent period  usually 4 hr! that serotonin was
present. Control groups included the putative antagonist alone  i.e. not subsequently
tested with serotonin! and no antagonist  with and without serotonin subsequently
added=positive and negative control groups!. As in the agonist studies, all non-
spawning animals were subsequently assessed for sex and reproductive maturity.

Squash mounts were made by opetting the shell, pushing gill tissue aside and
lifting out a small atnount of gonadal tissue  Y-shaped organ along midline! with fine
forceps. The tissue was squashed between cover slip and slide, observed at high
power �00-400X! under a microscope, and scored for sex and reproductive state.



The reproductive state classification was as follows  Haag and Garton, 1992!. 0,
gonad spent; 1, itnmature; 2, initial stages of gametogenesis  first stage at which sex
can be identified!; 3, late immature with approximately 50% tnature gatnetes; 4, ripe
with ! ! 50% inature gametes.
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Figure 3. Egect of lo M metergoline  Mtg, dissolved in 1% ethanol! on spawning
induced by 10 ~ M serotonin �-HT!. Each group contained l0 animals. p�.01,
compared to serotonin in 1% ethanol. Reprinted by permission from Fong et al,
1994.
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Methiothepin was a very effective antagonist. In the experiment illustrated in
Figure 1, two-hour pretreatment with 10 M methiothepin completely blocked the
activation of spawning by both 10 3 M and 10+ M serotonin. Tested over a range of
concentrations  Fig, 2!, methiothepin produced significant reductions of spawning at
concentrations up to two orders of magnitude lower than the corresponding
concentration of agonist, serotonin.

Metergoline. at 10 M, partially blocked spawning induced by serotonin  Fig.
3!; however, when tested at lower concentrations, tnetergoline proved to be an
effective agonist for eliciting spawning in males. In the first of the three experitnents
sumnutrized in Fig. 4, male mussels began spawning during the initial two hour
period of the experiment. As a result of this serendipitous occurrence, the planned
addition of serotonin was omitted. and resultant spawning from metergoline alone was
assessed at the end ot' a total time of six hours. In this and subsequent replicates,
metergoline significantly stimulated spawning in males at concentrations as low as
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Figure 4. Percent of males spawning  A! and females spawning  8! in varying
concentrations of merergoline. Metergoline  l0 M! was ininally dissolved in 1%
ethanol, then serially diluted to achieve desired concentrations, Data are pooled from
three experiments, Numbers adjacent to each point show the total number of animals
of that sex tested at the given concentration, out of JO - 40 animals  of both sexes,
since zebra mussel sex cannot be determined prior to spawning or post-crperiment
dissection! initially rested in each treatment. Percent spawning in 10 M serotonin
�-HT! tested simultaneously is given for compartson *, p�.05, compared to no
drug  group 0!. Reprinted with permission from Fong et aL, 1994.

10 M, A few females also spawned at low concentrations of metergoiioe; however,
the effect was ttat significant,
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Figure 5. Egect of 10 M methiothepin  Meth.! on 10 M metergoline  Mtg,!-
induced male spawning, Methiothepin was present 2 hours before and during the 4
hour treatment with metergoline. No female spavined. Metergoline �0 M! was
dissolved in 0.7% ethanol. Serotonin �-HT, 10 M! was dissolved in 1% ethanol3

 ETOH!. Above each bar are the numbers of males out of a total of 25 animals
initiallY tested in each group. ~, p�.0002 compared to 10 M metergoline alone.

DISCUSSION

Methiothepin is the mast effective antagonist and metergoline the mast
effective agonist yet demonstrated on spawning in zebra mussels. Metergoline had
mixed agonist/antagonist properties, stimulating inales to spawn at concentrations as
low as 10 M, while blocking spawning at 10 M. Methiathepin produced
significant inhibitory effects on serotonin-induced spawning at concentrations as low
as 10 M. All previously studied seratonin agonists and antagonists required at least
10 M to cause significant activation or inhibition of spawning. This is also the first
demonstration of a sex-specific stimulation of spawning at a time when both sexes
were capable of spawning.

Although a large number of mammalian serotanin receptors have been

The stimulatory effect of rnetergaline on male spawning could be blacked by
methiothepin. As illustrated in Fig. 5, no spawning was elicited by 1% ethanol  the
vehicle for tnetergoline! or 10 5 M rnethiothepin. nor did 1% ethanol inhibit spawning
elicited by 10 M seratonin, However, the high level  91%! of male spawning
induced by 10 M rnetergoline was significantly reduced to 12% by the addition of
10 M methiothepin.



sequenced, as have several ~Droso hila sequences, only one molluscan seroronin
receptor has been cloned. The molluscan sequence is 5HTlym, a G-protein coupled
receptor cloned from a ~Lmnaea  snail! nervous system cDNA library  Sugamori et
al., 1993!. Competitive binding of 5HTlyin expressed in COS-7 showed a pattern of
affinities siinilar to ligands affecting spawning in zebra rnussels; viz. very high
affinity for methiothepin and inetergoline, much lower but approximately equal
affinity for serotonin and 8-OH-DPAT, and still lower affinity for ketanserin and
propranoloi.

Among other known serotonin receptor sequences, 5HTlym is closest to
~Droso hila SHTdro2 sequences and to human SHT1A and human SHT1D sequences.
5HTdro2 receptors inhibit adenyiyl cyclase and activate phospholipase C  Sandou et
ai., 1992!. 5HT1A receptors inay consist of a fatnily of receptors soine of which
stitnulate adenylyl cyclase and others of which inhibit adenylyl cyciase, The cloned
5HT1A receptor expressed in HeLa cells has been shown both to inhibit adenylyl
cyclase and to stitnulate phospholipase C metabolism  Fargin et al., 1989, 1991!. G
proteins mediate both actions of the cloned 5HTIA receptor; Gi proteins  especially
Gi3! both inhibit adenylyl cyclase and stimulate phospholipase C  Fargin et al.,
1991!. Cloned 5HT1A receptors expressed in CHO cells have been reported to
inhibit adenylyl cyclase, increase hydrolysis of inositol phosphates, cause a transient

2+elevation of [Ca- ];, and augment arachidonic acid release  Raymond et al., 1992!.
5HT1D is another fatnily of serotonin receptors, with one 5HTID clone stimulating
adenylyl cyclase  Maenhaut et ai., 1991! and another �HT1DS! inhibiting adenylyl
cyclase  Miller et al., 1992!. Cloned SHT198 receptors have also been shown to
cause elevations of fCa2+]; and inositol phosphates  Zgombick et al�1993!. The
5HTl D6 receptor is very effectively inhibited by methiothepin, whereas metergoline
acts as a full agonist at the 5HTlD8 receptor  Miller et al., 1992!. As a result of the
above considerations, we speculate that the serotonin receptor mediating spawning in
zebra mussels will be a G-protein coupled receptor that resembles 5HTlym, stimulates
inositol phosphate metabolism, and inhibits cyclic AMP synthesis.

Serotonin has previously been demonstrated to trigger spawning in a large
number of marine bivalves' reviewed in Rain et al., 1992!, Matsutani and Nomura
�982! first demonstrated serotonin induction of spawning, in scallops. Matsutani and
Nomura �987! also described an.in vitro preparation of gonad fragments in which the
release of oocytes could be triggered by serotonin and regulated by prosragiandins.
Our studies, however, are the first to characterize pharmacologically the serotonin
receptors involved in the spawning response.

ln addition to the results described in the present paper, inethiothepin has also
been used to investigate the time course of effective stimulation of spawning by
serotonin  Fong et ai� in press,a!. The critical receptor-activated event s! mediating
spawning by serotonin apparently occur within the first 5 - 10 nun of serotonin
exposure, since 5 min exposure to serotonin was sufficient to trigger spawning, and
methiothepin reduced the spawning response when added 5 min after serotonin but not
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when added after 10 min. Methiothepin has also been demonstrated to cause a long-
lasting sex-specific reduction in serotonin-elicited spawning. Spawning by female
zebra mussels was significantly reduced up to 12 days after a 5 hr exposure to 10 5 M
rnethiothepin  Fong et al., in press, b!. The same treatment with tnethiothepin had no
tong-lasting effect on tnale spawning. The occurrence of male-only spawning
responses, as occurred in the present study with rnetergoline, and in the long-lasting
effects of methiothepin  Fong et al,, in press, b! may have a number of possible
causes. It may indicate a difference in the receptors for S-HT ligands between males
and females, or that chemical/structural differences between raales and females, such
as the amount of lipids, may affect the efficacy, access, or retention of chemical
modulators of reproductive behavior in zebra mussels.
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INTRODUCTION

During the last decades, the freshwater mussel, Dreissena polymorpha, has colonized
most of European rivers and lakes  Morton, 1969!, After its introduction in Great
Lakes, few years ago, zebra mussels have rapidely spread throughout North America
 Grif5ths et al�1991!
Capacity to attach to many solid substrates with byssal threads makes the zebra mussel
a major and sever biofouler of artificial raw water systems  Mackie, 1991; Jenner and
Janssen-Mommen, 1993!,
While a wide range of control strategies are now availaible against Dreissena fouling,
chlorination remain the most used method for macrofouling problems.
All the existing strategies with oxidizing agent for controlling zebra mussels are not
always efFective and environmentally acceptable, and development of control technics
with new molluscicides are required as fouling problems increase and widespread.
Khalanski �993! has shown that continous injection of a new nonoxidizing chemical
product was efFective as molluscicide for control of zebra musseL Organic agent tested
 Mexel 432! consisted of open hydrocarbons chains with primary and secondary

The aim of this study was to test the efFectiveness of intermittent injection of Mexel
432 for controlling adult mussels, The objectives of laboratory experiments were not
only to evaluate the capacity of this compound to kill the zebra mussels but also to
prevent attachment of adult rnussels. Because byssal attachment is indispensable for
Dreissena colonizing hard substrates, prevent new byssal threads formation could be
lead to a strategy of zebra mussy control, The efFects of mexel 432 on byssal threads
formation and byssal gland activity were studied.

MATERIALS Ai 0! METHODS

Matericds

Organisms; Adult zebra mussels �8-23 mm shell length! were collected from the
Moselle river  Northeastern France!. The animals were maintained in the laboratory in
continously aerated, dechlorinated.tap water  T: 18 ' C +/- 1 ' C, pH: 7.6-8.2! and
were fed daily with frozen algae, Chlamidomoram. Frozen algae cubes were suspended
over tank containing mussels. The algal cells were allowed to drip into water as the
cube melted.

Compound: The product tested in these experiments, sold under the commercial name
of Mexel 432  Mexel Society, Haubourdin, France!, contains no toxic organic or
mineral sustances, It is composed of straight hydrocarbons chains with primary and
secondary amines, emulsified in water. Concentrate maaufactured compound contains
80 !o water, and has a specific gravity of 0.998 g / mL.
In solution it forms a film on all surfaces which provides anti-corrosion and anti-
fouling properties
Mexel 4362 was determined by a colorimetric method, a&er extraction in an organic
solvant.

74



In this study, aH the concentrations of Mexei 432 are expressed as miKgrarns of the
concentrated manufactured product per liter of water.

Method

Mortality test: Efflcacy of Mexei 432 were performed against adult zebra mussel in a
flow throught exposure �00 ml / min! in 12 L tap water containers homogenized with
a pump � L / min!. One day prior the experiments, 50 musseis were aHowed to attach
themselves to difFerent kind of supports used  glass slides and ceramic tHes!,
Concentrations tested agpmst mussels were 2, 6 and 10 mg manufitctured product per
liter of water. Zebra musseis were exposed for 1.5 or 3 hours per day during one
month,

Control mussels were placed in tank containing only dechlorinated tap water.
Mortality was recorded daily as no shell valve closure occured aAer tactile stimulus.

Attachment test and byssus formation: Exposure conditions were the same for this
second test except for treatment duration and accHmatation, Seven mussels were
exposed daily to Mexel 432 for 3 hours during 10 days. Concentrations of 2, 6 and 10
mg / L were tested.
In each containers, each zebra mussel, without old byssai threads, was placed
individuafly on a Petri dish and was not allowed to attach to the support before the
initiation of experiment. Number of new byssal threads was recorded daily by
microscopical observations.
Control musseis were placed only in dechlorinated tap water,

Byssal gland histology: After ten days of experiment, the specimens were prepared
following the usual procedure for histologicai examination. Tbe whole st body was
removed fiom the sheH, fixed in 10 4/o formalin for 24 hours and dehydrated throught a
series of increasing concentrations of aicool and toluen. Tissues were embedded in
paraf5a and sectioned at 5 - 7 pm. FinaHy, the slides concerning byssal gland were
stained using difFerent procedures  e. g. hemalum- picro-indigo cartnin, hematoxyhn,
trichrom, toluidin blue!  Humason, 1979! to histochemically distinguish between
elastin and collagen fibers ofbyssal threads.
Activity of phenol gland, responsable of quinone- tanning system of threads, located in
the foot of mussel was studied with catechol incubation foHowing the procedure of
Smyth �954!.
Mann-Whitney test was employed to compare aH mean values of the experimental
bivalves and control group.

RESULTS

Mortality of control mussels over exposure duration �1 days! was very low, ranging
between 2 and 5 'ro  Fig. 1 A, B! indicated that mortality in exposed sample resulted
from toxic efFects of Mexei 432 exposure,
In these experiments, no detachment of adult musseis was observed. Specimens died
and remained attached by byssai threads to the substrate.
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Mortality test

Mexei 432 was toxic to adult zebra rnussels at ail intermittent concentrations tested.
Mortality pourcents of Dreissena exposed to compound for 1.5 hours per day are
reported in figures 1 A and B.
Mortality rates were different between the two substrates for rnusseis exposed to 6 rng
/ L Mexei 432. They reached 16 'ro and 73.8 'fo in samples of musseis fixed on ceramic
tile or glass slide respectively.
After one month, mortality levels reached 61. 7 and 77.3 '/o in population exposed to
the highest concentration of 10 mg / L .
40 '/o of musseis died on glass slide after exposure for one month to 2 mg / L Mexel
432,

Results of mortality rates for Dreissena exposed for 3 hours per day, during one
month, to dlerent concentration of Mexel 432 are reported in 6gures 2 A and B.
The whole population of mussels died after 15 days and after one month when
exposed to 10 mg / L and 6 mg / L respectively. In sample of zebra musseis exposed
to the highest concentration, mean time to death decreased with increasing time
exposure. LT 50 values  LT 50 = estimated time for 50 'to sample death! ranged from
19 to 7 days respectively.

Attachment test and byssal threads fonmatim

Total mean number of byssai threads newly secreted by zebra mussel exposed to
intermittent concentrations of Mexel 432 are reported in 6gure 3.
After 10 days control mussels have secreted an average number of 30 new byssai
threads  temporary and permanent threads!  figure 3!. Thread formation was greatest
during the Grst four days  figure 4!. After this time, threads formation corrtinued but
remained lower. The numerous byssal threads, newly and rapidely secreted, provides
zebra musseis a solid attachment to substrates.
Eckroat et al, �993! also reported formation of a majority of threads on the early days
in D. polymorpha �6-26 mm shell Ienght!, however the total number of threads
remained lower atter four weeks of experiment.
At the end of this experiment, mussels exposed to the highest concentrations, have
formed much less new threads than the control group did  figure 3!, The difference
between the two experimental and the control populations were highly signi6cant  P <
0.001 and P   0.002 respectively!.
Zebra mussels exposed to the lowest concentration of Mexei 432 formed one half of
new threads than the control group did  figure 3!, The number of threads secreted
daily by each mussel remained irregular during the exposure.
In the samples of mussels exposed to the highest concentrations � and 10 mg / L!, the
number of threads newly secreted remained extremely low at the end of the
experiemnt, because only one mussel of each population has secreted few byssal
threads only at the beginning of the exposure  figure 4!.

Different staining procedures of histological section indicated that the byssus of zebra
mussel was histochemicaHy formed of both eiastin and coliagenous 6bers.
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In the present study, secretion granules and elastin pool have been observed in byssus
histological sections of control and experimentally exposed mussels. Microscopicai
observations have not allowed us to reveal histochemical differences between byssus
of exposed and control D. polymorpha. Frisina and Eckroat �992! observed the
presence of secretion granules in the root and the stem of byssus of D. polymorpha
reponsable of elastin secretion, Elastin pool was observed in the stem of byssus.
Catechol technic has been used by Smyth �954! to demontsrate polyphenol oxydase,
which catalized tanning reaction in byssal threads of Myrilus eahlis.
In this experiment, poiyphenol oxydase has been observed in byssus histological
section of control and exposed mussels. Intermittent concentrations of Mexei 432
tested in this study have not change polyphenol oxydase activity in byssal gland of
Dreissena.

CONCLUSIONS

These laboratory tests indicated that Mexel 432 has molluscicidal capacities against
adult zebra mussels. Rapid mortality rates of Dreissena induced by intermittent
injections of this compound suggest that it could be use as molluscicide in ariitciaL
water systems. Futhermore low intermittent injections � mg / L! were effective to kill
the whole population in one month. Injection of 10 mg / L induced 100 Yo mortality
only in 15 days.
Laboratory experiments indicated that Mexel 432 was also effective to prevent
attachment of adult zebra mussels. Formation of new byssai threads was reduced or
totaLly inhibited in few days when mussels were exposed to intermittent injections of
low concentrations of Mexel.
However, further studies on byssus of D. polymorpha are required in order to
understand the effects of Mexei 432 on byssus activity and to improve a strategy for
controlling zebra tnussel macrofouling.

RF.FKRXNCKS

Eckroat, L, R., Mastelier, E. C., Shaffer, J. C., and Steele, M L. 1993. The byssus of
the zebra mussel  Dreissena polymorpha!: Morphology, byssal threads formation
and detachment. In "zebra musseis: biology, impacts and control"  T. F, Napeia, D.
W. Schloesser, Eds!, pp, 239-263. Lewis Pupiication, Boca Raton.

Frisina, A. C., and Eckroat, L. R. 1992. Histological and morphological attributes of
the byssus of the zebra musseL, Drer'ssena polymorpha Pallas!. J. Penn, Acad. Sci,
66, 63-67.

Grif6ths, R. W., Schloesser, D. W., Leach, J. H., and Kovalak, W. P. 1991.
Distribution and dispersal of the zebra tnussel  Dreissena polymorpha! in the great
lakes region, Can. J Fish. squat. Sci. 48, 1381- 1388.

Jenner, H. A., and Janssen-Momrnen, J. P. 1993. Monitoring and control of Dreissena
polymogrha and other macrofouling bivalves in the Netherlands. ln "zebra mussels
biology, impacts and control"  T. F. Napela, D. W. Schioesser, Eds!, pp, 537-554.
Lewis Pup!ication, Boca Raton.

77



Khalanski, M. 1993. Testing of five methods for the control of zebra mussels in cooling
circuits of power plants located on the Moselle River. In "Proceedings; Third
international zebra mussel conference", Toronto, Ontario, Canada., 1993. EPRI,
TR-10 2077; 3-1. pp. 3-20.

Mackie, G. L, 1991. Biology of the exotic the zebra mussel, Dreissenapolymorpha in
relation to native bivalves and its potential impacts in Lake St. Clair, Hyd'robiologia
219, 251-268.

McMahon, R. F., Shipman, B. N., and Long, D. P. 1993. Laboratory efBcacies of
nonoxidizing molluscicides on zebra mussel  Dreisserra polymorpha! aad the asian
clam  Corbicula flumimre!. In "zebra mussels: biology, impacts and control"  T, F,
Napela, D. W. Schloesser, Eds!, pp. 575-598. Lewis Puplication, Boca Raton.

Morton, B. 1969, Studies on the biology of Dreissena polymorpha Pallas L General
anatomy aad morphology, Proc. ma1acol. Soc. Lond. 38, 301-321.

Smyth, J, D. 1954. A technique for the histochemical demonstration of polyphenol
oxidase and its application to egg-sheU formation ia Helmiaths aad byssus formation
in Myrilcas.J. Micros. Sci. 92�!, 139-152.

Van Benschoten, J. E., Jensen, J. N., Lewis, D., aad Brady, T. J. 1993 Chemical
oxidaats for controlling zebra ~ls  Dreissena polymorpha!: a synthesis of
recent laboratory and field studies. In "zebra mussels. biology, impacts aad control"
 T. F. Napela, D. W. Schloesser, Eds!, pp, 599-619. Lewis Puplication, Boca
Raton.

78



support: gfass

80

70

60

>. 50

g 40

0 30

20

10

A 0

31s510 15 21

DURATION  days!

support: ccramfc

80

70

60 s
+e
>. 50

40

0 30

20

10

25 3110 15 Zf

DURATION  days!

Figures l. Mortality  Fo! of D, polyrtsorpha exposedfor l.z hours per dav to Merel
432 on gIass slides �! or ceratni s tiles  B!.

79



support: glass

80

70

SO

40
0

30

20

10

A 0

1S10 2S 31

DURATION  days!

support: ceramic

80

g 70

60

SO

40
0

30

sO

10

8 0

2S 3110 1S 21

DURATION  days!

Figures 2: Mortality   ohio! of D, polyvrorpha exposed for 3 hours per day to merel
432 on glass slides  A! or ceramis tiles  8!.



40

3S

30

o 2S

2 20
C

I5O

10

2mg/Lconttal 6mg/L 10 mg/L

12 !
~I control
Rg 2mg/L

10

9 7
o 6

C C

0 Day I Day 2 Day 3 Day 4 Day S Day 6 Day 7 Day S Day 9 Day IO

Fignre /: Aleanmrmber of byssal threads secreted each day by D. polymorpha
exposed to Mexel 432.

Figure 3; Total mean number of byssal threads formed by D. polymorpha exposed to
Mexel 432 for l0 days.



Development of Zebra Mussel Control Strategies
for a Coalition of Vermont Water Suppliers

on Lake Champlain

Cameron L. Lange, Therese M. Short
 Acres international Corporation!

and
Edward Blake  Champlain Water District!

ABSTRACT

In early spring 1993, 12 raw water users on Lake Champlain formed the Lake Champlain
Coalition in response to the likelihood of zebra mussel infestation in the lake and
subsequently in their plants. The 12 coalition rnernbers, including 11 water treatment
facilities and a fish hatchery, intended to pool their resources to develop a proactive
strategy to control zebra mussels in their facilities without unnecessary redundant effort
among facilities. The fish hatchery subsequently elected to independently develop a
control strategy. In June 1993, Acres International Corporation was retained by the
coalition to perform an evaluation aiined at developing zebra mussel control strategies
for the 11 water treatment facilities. Goals of the evaluation were to:

~ Review regulations, water quality data, plant characteristics, and proposed state
monitoring programs;

~ Group facilities sharing similar characteristics and potentially common recommended
zebra mussel control solutions; and

~ Evaluate feasible control strategies for each group and provide recommendations.

Based on key system similarities, the 11 facilities were separated into four groups.
Various potential control strategies were evaluated for each group. For each group a
matrix was developed to rank each of the evaluated controls for the various raw water
components. Considerations in the ranking process included biological effectiveness,
regulatory restrictions, costs, adaptability, operational impacts, and environmental
iinpacts. Control strategies evaluated for the group raw water components included
chlorination, dual potassium permanganatelchlorine injection, mechanical cleaning, hot
water flushing, deoxygenation, installation of redundant intakes, or some combination of
the above. Mechanical cleaning was recommended to control fouling on the submerged
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intake screens or racks and dual potassium permanganateJchlorine injection systems were
found to be workable and, in some cases, the preferable option for proactive protection
of the intalre piping at all facilities. Deoxygenation and mechanical cleaning were
workable intake control options for two of the groups; however, further investigations
would be required prior to final selection of these options.
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INTRODUCTION

General

The zebra mussel glggg,p~ g~~~ggi~ is a freshwater rnacrofouling bivalve species
that has recently been introduced to North America. This mussel has the potential to
biofoul raw water intake systems, limit recreational use opportunities, and alter the
aquatic environment. Potential effects on water treatment facilities include operational
problems involving constriction or blockage of conduits and trashracks, as well as
contributing to taste and odor problems. During the period 1989-1994, biofouling
attributed to zebra rnussels has been documented at a large number of water supplies and
water-dependent facilities in the Great Lakes drainage basin. In July 1993, adult and
juvenile zebra mussels were documented at the southern end of Lake Champlain in
Vermont. This discovery placed the raw water users of the entire lake at a short-term
zebra rnusse1 fouling risk.

Lake Champlain runs south to north, is about 120 iniles long and 12 miles across. Five
distinct basins are present: the river-like South Lake; the cold deep Main Lake; the
shallower Inland Sea; Malletts Bay; and Missiquoi Bay  LCRC, 1992!. The water
quality in each basin is quite different, so much that they can almost be considered
different waterbodies for any zebra mussel analysis, Overall, the majority of the lake
can be classified as mesotrophic or eutrophic. Each summer, a large seiche develops that
affects the water transport in the lake. Canals connect the North and South Lakes to the
St. Lawrence River and the Hudson River, respectively, each of which are heavily
colonized by zebra mussels.

Zebra mussels can spread and be introduced into new areas via natural and/or human-
mediated dispersal mechanisms  Carlton, 1993!. Natural mechanisms are water currents,
birds, and other animals. Human-mediated dispersal mechanisms include those related
to waterways, vessels, and navigation; fishing activities; as well as a variety of
miscellaneous mechanisms that include aquaria release and intentional introductions.
Adults and juveniles can be transported by all mechanisms, but eggs and larvae can be
transported by fewer means. Downstream movement is achieved by all of the
mechanisms, while upstream dispersal can be achieved by all of the identified
mechanisms except for current flow. By identifying the potential vectors that wil1
introduce the zebra mussel into a new area, it may be possible to predict how soon the
zebra mussel will significantly impact the new area.

As with any organism, the zebra mussel requires specific environmental parameters in
order to survive and successfully reproduce. Salinity is limiting to zebra mussel growth
at about 6.0 ppt, and survival is affected at 8.0 ppt, over a wide range of temperatures
 Kilgour and Mackie, 1992!. Salinities of this inagnitude occur only in estuarine
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situations, so chloride concentrations in freshwater systems would not limit mussel
growth or survival. Other limiting factors that may be important in freshwater systems
include calcium, pH, temperature, and chlorophyll g. Ongoing investigations are
attempting to deternune the critical limit of each parameter, but initial research indicates
that the critical limit for each parameter depends on the condition  i.e., health! of the
mussel population as well as synergistic effects of the various parameters. By evaluating
water quality data for a particular water source, it is possible to predict the likelihood of
zebra mussel survival and growth within that water source.

BackgrmInd en 11 Dater Treatment Facilities

Eleven Lake Champlain Coalition members draw water from the lake for municipal
drinking water. These water suppliers, located on the eastern shore of Lake Champlain,
in Vermont are  Figure I!:

Champlain Water District;
~ Tri-Town Water District;
~ Burlington Water Resources I:~ment;
~ Village of Swanton Water Ehqertment;
~ City of St. Albans/Maquam Shore Treatment Plant;
~ Alburg Water Department;
~ Vergennes/Panton Water District;
~ South Hero Fire District No. 4;
~ Grand Isle Fire District No. 1;

Grand Isle Fire District No. 3; and
~ Grand Isle Fire District No. 4.

All 11 water treatment facilities have at least one offshore intake, intake piping, a raw
water pump station, and water treatment passes. Typical daily flow rates range from
8,000 gallons/day to 8.6 million gallons/day per facility. Submerged intake pipe lengths
range from approximately 200 ft to 6,700 ft. Two facilities have redundant intake
piping. Presently, the raw water within the intake pipes is untreated and no controls are
in place for zebra mussel protection.

Grand Isle Fire Districts No. 1 and No. 3 are proposed to be replaced by a single facility
by 1995. The new facility would possibly draw water from the nearby Ed Weed Fish
Culture Station's deep intake sump. The hatchery is presently evaluating the
vulnerability of their system to zebra mussel fouling and developing potential control
strategies. The deep intake sump is gravity fed from the lake via 3,400 ft of 36-inch
diameter intake piping. Since the mouth of the deep intake is located in approximately
180 ft of water, the water supply to the sump is relatively cold throughout the year.
Since the cold water temperatures are not conducive to zebra mussel growth and
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attachment, it is possible that the fish hatchery will rely on this as their method of fouling
control in the intake pipe. Other methods that may be considered are chlorine or ozone
injection.

Background on Zebm Mussel Control Techrrologies

There are a variety of approaches to prevent and/or alleviate zebra mussel biofouhng that
have been proposed or are being used. These approaches fall under the broad categories
of biological, physical, and chemical methods. Each approach has unique environmental
impacts, biological effectiveness, and costs associated with its application; many have not
yet been applied in-field so are considered unproven technologies. Soine proven
technologies available to combat the zebra mussel within raw water intakes and conduits
for water treatment facilities may also be limited in site-specific applicability, when
factors such as governmental, health, and environmental regulations, as well as plant
operational constraints are considered.

Physical and chemical approaches to zebra mussel control can be categorized as proactive
and reactive. To obtain the best possible protection, reactive strategies should only be
used in situations where proactive control is not technically or economically feasible.

Chemical injection, to date, remains the most widely used proactive inethod of zebra
mussel control in the United States and Canada.

To be proactive in their zebra mussel response, the Lake Charnplain Coalition desired
to develop a plan for the control of zebra mussels before they became a widespread
problem in Lake Champlain. To accomplish this goal, Acres was retained to complete
the following tasks:

Review available information regarding the zebra mussel and current applicable
Federal and state regulations;

~ Review existing water quality and sampling/monitoring data to aid in control
planning;

~ Evaluate feasible alternative control methods; and

Define pilot-scale experiments to determine the likelihood of control success without
undesirable impacts.
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The first task was to determine whether the water users would be impacted by zebra
rnussels. A review was conducted of recreational activity on the lake, connecting
waterbodies and nearby infested water sources to identify the possible transport
mechatusms and thus to determine the likelihood of zebra mussel introduction into the
lake. To determine the likelihood of zebra mussel survival in Lake Champlain, water
quality parameters such as pH, temperature, calcium, chlorophyll ~ and total organic
carbon  TOC! were reviewed and compared with literature-based limits.

The next task was to review the raw water systems of each facility and combine facilities
into logical groups based on the potential for common zebra mussel control solutions.
Generally, facilities were grouped according to intake flows, allowed plant downtiine,
intake redundancy, andIor planned facility modifications.

A zebra mussel control alternative evaluation was conducted for each of the grouped
facilities. Facility raw water systems are generally comprised of intakes and water
transmission systems. Zebra mussel control for the intakes was evaluated independent
of the water transmission systems, because some typical methods employed to protect the
latter cannot be employed at the intake for environmental reasons. A matrix, which
ranked the control alternatives for the intake and for the water transmission systems, was
developed for each group. Considerations in the selection of the preferred control
strategy included:

~ Proven biological effectiveness;
~ Possible regulatory restrictions, especially disinfection byproduct  DBP! levels;

Relative capital and operations/maintenance costs;
~ Adaptability to the existing system;
~ Possible impact on plant operations; and
~ Environmental impact.

A review of Federal and state regulations pertaining to zebra mussel control was
incorporated into the control evaluation. The major concern for water treatment facilities
is human health, which is regulated by the U.S. Environmental Protection Agency
 USEPA! or its state designate. Many of the zebra mussel control strategies for water
treatinent facilities employ chemical addition, which may affect the water quality through
formation of DBPs. Maximum Contaminant Levels  MCLs! for DBPs set by the USEPA
as well as the course of future regulations on DBPs were reviewed. The Vermont
Department of Environmental Conservation  VTDEC! permitting requirements for
drinking water facilities were also reviewed.
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RESULTS

General

Based on the review of potential dispersal mechanisms and water quality, Acres predicted
that zebra mussels would eventually colonize and flourish in Lake Champlain. Human-
mediated transport mechanisms, including transport by boat, were predicted to play a
significant role in the dispersal of zebra mussels into Lake Champlain. Based on the
analysis of potentially limiting water quality parameters of temperature, pH, calcium, and
nutrients, Acres concluded that reproducing colonies of adult zebra mussels would likely
be established throughout the near shore areas of Lake Champlain. Soon after Acres'
analysis was completed, zebra mussels were, in fact, documented in Lake Champlain.

For the control evaluation, facilities were placed into four groups. Four facilities were
placed into Group A: Champlain Water District; Tri-Town Water District; Village of
Swanton Water Delmrtment; and Vergennes/Panton Water District. These are all large
facilities with flows greater than 500,000 gallons per day. They each have a single
intake and have a maximum aUowable downtime of between three and 36 hours.

Two facilities, Burlington Public Works and the City of St. Albans, were placed into
Group B. These two facilities have redundant intake systems that provide significant
fiexibility relative to downtime.

Three facilities were placed in Group C: Alburg Water L'~rtment; Grand Isle Fire
District No. 4; and South Hero Fire District No. 4. These are moderate-sized facilities
with flows between 30,000 and l00,000 gallons per minute. Each facility has a single
intake and limited downtime.

The fourth group included two small facilities, Grand Isle Fire Districts No. I and No.
3, that are planning on consolidating into one new facility. The new facility will likely
use one of the fish hatchery's intakes as a water source.

Grotlp A Control Evaluation

The results of the evaluation showed favorable conditions for zebra mussel settlement and
growth in the Group A facilities' raw water system components. Colder water
temperatures, however, from Champlain Water District's 65-ft deep intake may slow
rates of growth and settlement at that facility. It cannot, however, be assumed that the
cold water will act as a preventative control. Control options selected for this group of
facilities included potassium permanganatel chlorine, mechanical cleaning, and
chlorination.
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For environmental reasons  i.e., uncontrollable release to Lake Champlain!, the chemical
options considered for controlling fouling in the intake piping could not be considered
for controlling mussel buildup on the intake screens. Also, antifouling coatings are not
approved for use in drinking water facilities, so could not be considered for the intake
screens. The only option for zebra mussel control at the intake screens, therefore, is
periodic, diver-assisted mechanical cleaning using manual scraping and/or a high-pressure
water jet.

The recommended control option for protecting the intake piping at the Group A facilities
is the continuous or semi-continuous injection of potassium permanganate at the intake
and short-tenn periodic shocking with high doses of chlorine injected at the intake. The
permanganate is intended to continuously control the veligers entrained in the intake
flow, and the periodic chlorination is intended to kill any translocated adults. The
efficacy of permanganate on zebra mussel veligers is still being studied and was found
in at least one laboratory experiment to deactivate the mussels rather than cause
mortality. Facilities presently using potassium permanganate for proactive zebra mussel
control are satisfied with its effectiveness. There are no regulated byproducts amvciated
with the iiijection of potassium permanganate in drinking water systems. Dosages of the
chemical are, however, limited by discoloration of the water on formation of precipitates.
Although potassium permanganate has not been proven in long-term applications, its
reported effectiveness to date for zebra mussel applications is good. The overall intent
of the dual chemical feed system is to minimize chlorine usage and subsequent
trihalomethane  THIS! formation awhile providing some degree of proactive control with
the option to use chlorine as needed.

Chlorination used alone was ranked lower in preference because of THM concerns
associated with continuous dosing. THM measurements for at least two of the fow
facilities in this group were close to 50 ppb. With increased chlorine contact time
associated with injection at the intake, THM levels may approach future DBP Limitations
if continuous chlorination is used. Mechanical cleaning was also ranked lower. Pigging
operations for cleaning these larger diameter pipes would be expensive, and long periods
of plant shutdown would be required; in some cases longer than would be permissible
at one time. If cleaning were used as a control, it would either have to be accomplished
in stages or a redundant intake pipe  either temporary or permanent! would have to be
installed. The Champlain facility, in particular, has some sharp bends in its piping and,
therefore, it is questionable whether pigging, which is the preferred inethod for cleaning
in this application, would be possible without the pig getting "hung up" in the pipe
bends, which would jeopardize restart of plant operations.

For the recommended option, a potassium permanganate solution will be continuously
injected at the intake via small diameter piping installed to the mouth of the intake. The
chemical dosage will be regulated to maintain a residual of at least 0.2 ppin in the
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vulnerable piping just prior to the existing water treatment processes. Another pipe wiH
be instaUed alongside the permanganate piping for periodic delivery of a chlorine solution
to the intake. It was recommended that the piping systetn be shocked with chlorine twice
per year for two-week periods, in the spring and fall, at dosages regulated to produce a
residual of 2 ppm at the end of pipe. Either the existing prechlorination equipment or
aH new equipment will be used. The chemical solution lines will either be installed
within the existing intake pipe or alongside the intake pipe fake bottom instaHation!,
encased in a carrier pipe to protect against chemical leakage to the surrounding water
body. Although the pipe-within-a-pipe method is common for this application and is
preferred to reduce environmental concerns, lake bottom installations are also possible
if precautions are taken to reduce the potential for leakage. In some cases where a pipe-
within-a-pipe installation was not practical, lake bottom construction was considered.

Mechanical cleaning of the intake screens will be accomplished by a diver using either
mechanical scraping techniques or a high-pressure water jet. It was recommended that
screens be cleaned at least once in the fall of every year. A diver inspection should also
be conducted in the spring of every year, to determine whether a second cleaning is
neemavjr. Since the frequency of required cleaning is dependent on zebra mussel
loading and the water quality at the intake, this recommendation was based on an
estimate derived from past experience at other facilities. For the Champlain Water
District facility in particular, the depth of the intake screens is such that water
temperatures may not be conducive to zebra mussel veliger settlement throughout most
of the zebra mussel breeding season. At this facility, reattachment of translocated adults
may be the more significant means of fouling. The required frequency of cleaning will
ultimately be detertnined by studytng actual fouling patterns at these particular facilities.

Group B Control Evaluation

For the Group B facilities, conditions with the plants' raw water system components are
favorable for zebra mussel settlement and growth. For the Burlington facility, however,
colder water temperatures from its 40-ft deep intake may slow rates of growth and
settlement. It was not, however, assumed that the cold water would act as a preventative
control. Control options selected for Group 8 facilities included deoxygenation,
chlorination, potassium permanganate/chlorine injection, and mechanical cleaning. The
characteristic unique to these facilities is intake pipe redundancy, which allowed control
options to be considered that require shutdown of plant flow through the intake pipe
being treated.

Again, the only practical option for zebra mussel. control at the intake screens is periodic
mechanical cleaning with a diver using manual scraping methods or a high-pressure water
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jet, as described for Group A, since chemical options and antifouling coatings cannot be
considered.

Periodic chemical deoxygenation was proposed as the most cost-effective technology for
reactive treatment of the intake piping at the Group B facilities. Chemical oxygen
scavengers are presently being used to successfully control zebra mussel fouling in
redundant intake pipes at a water treatment facility on Lake Michigan. Recommendation
of this alternative, however, would be contingent on its acceptability from an
environmental standpoint. Also, although the reported effectiveness to date for
deoxygenation in zebra mussel applications has been good, it has not been proven in
many applications. Therefore, selection of such a method would be more of a gamble
than a widely used treatment method such as chlorination. If for any of these reasons
this method would not be preferred, a dual potassium permanganate/chlorine feed system
would be the next favorable option. It was also recommended that normal plant fiow be
maintained with only the necessary number of intake pipes and that any additional pipes
be capped and used only if reactive treatment on the operational pipe is required. In this
case, treatment may never be required on the normally non-operational pipes, especially
if treatments are properly scheduled in low breeding periods to avoid fouling in the
temporary intakes.

The mass transfer oxygen stripping method is an economical option; however, this
particular method for deoxygenation has never been used for zebra mussel or
macrofouling control, so it was ranked fairly low. Mechanical pigging is ranked below
oxygen scavengers because it would have a much higher associated annual cost.

For the proposed deoxygenation method, the pipe to be treated would be isolated from
the other intake pipes and either sodium bisulfite or sodium meta-bisulfite would be
injected at the mouth of the intake from a floating work station. Uniform mixing of the
chemical over the length of the pipe would be accomplished by providing a small flow
through the intake pipe to draw the chemical to the end of the pipe. An alternative
method for chemical injection would be to install a paraoel pipe for closed loop
circulation of the chemical solution. In either case, the chemical solution would be held
in the isolated pipe for two to four weeks to cause mortality of the attached adult
mussels.

Since deoxygenation would protect only up to the intake pipe header, any piping
downstream of the header, up to the treatment process, would also be susceptible to
fouling. It was recommended that any existing pre-treatment chemical injection points
be moved upstream to the pump station discharge to protect the additional piping.

Mechanical cleaning and inspection of the intake screens would be accomplished in the
same manner as described for the other facilities.
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Group C Control Evaluation

Control options selected for the Group C facilities included chlorination, potassium
permanganatefchiorine injection, and mechanical cleaning. Again, the only practical
option for zebra mussel control at the intake screens is periodic mechanical cleaning with
a diver using manual scraping methods or a high-pressure water jet, since chemical
options and anti-fouling coatings cannot be considered.

To protect the intake piping at these faciUties, it was proposed that a temporary intake
be set up and mechanical cleaning be performed periodically without interrupting the
water supply. Although the long-term costs of annual mechanical cleaning could be
higher than the dual feed chemical option, it was proposed because of uncertainty of
present DBP levels for these facilities. Recommendation of this option would be
contingent upon the results of DBP formation pilot-scale studies. If DBP formation is
found to be reasonable, a dual potassium permanganate/chlorine feed system instaQed to
the mouth of the intake would be recommended.

Mechanical cleaning of the intake pipes would be performed utilizing a high-pressure
water jet. Water jet cleaning is possible for these smaller diameter intake pipes and is
less costly than pigging operations which are required at facilities with 1arger diameter
intake pipes. The redundant pipe wi11 either be an identical parallel intake pipe or a
shorter flexible-type hose.

Mechanical pipe cleaning operations would involve discharging a jet of high-pressure
water at an angle to the inner pipe surfaces. The pump providing high-pressure water
would be located at the pumping station. Depending on environmental regulations, the
water jet would either be directed towards the intake and the debris discharged back to
the lake, or the water would be carried to the mouth of the intake via small diameter
piping installed within the intake pipe and the water jet would be directed back towards
the pump station. The latter would be employed if it is required that the loosened debris
be collected and landfiHed rather than directly discharged to the lake. It is recommended
that the pipes be cleaned at least once in the fall of every year, although spring cleaning
may also be needed. Since the frequency af required cleaning is dependent on zebra
mussel. loading and water characteristics, this recommendation was based only on an
estimate derived from past experience at other facilities. The frequency of cleaning
required will ultimately be determined by studying actual fouling patterns at these
particular facilities.

Mechanical cleaning and inspection of the intake screens will be accomplished in the
same manner as for the other facilities.
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Group D Control Evaluation

Control recommendations were given for both the two existing treatment facilities and
for the single facility that is planned to be operating by the year 1995. Control
recommendations for the existing facilities are temporary solutions intended to aUow
plant operation if zebra mussel fouling occurs before the new facility is installed.
Recornrnendations for the proposed facility are based on assumed new plant
characteristics.

The recommendation for the existing facilities was to install redundant intake piping and
mechanically clean the non-operational intake pipes and screens at least twice per year.
It was also recommended that diver inspections of the intake be performed in the interim
to estimate the need for further cleaning, since the very small diameter intake piping will
be more susceptible to fouling and clogging problems. Mechanical cleaning of the intake
screens will be accomplished in the same manner described for the other facilities.
Mechanical pipe cleaning operations would involve discharging a jet of high-pressure
water at an angle to the inner pipe surfaces and would employ the same methods as
described for the Group C facilities.

The control strategies selected for the new water treatment facility are dependent on the
controls implemented for the hatchery's intake and the extent of raw water piping
installed from the hatchery intake sump to the new treatment facility. If the hatchery
relies on cold water to discourage attachment of entrained veligers within their intake
piping, veligers wiH still survive and remain in the water system until conditions are
more favorable for attachinent. In this case, any raw water piping installed from the
sump to the water treatment process could be vulnerable to fouling if the water warms
up to a temperature that would be conducive to settlement. If prechlorination is to be
part of the treatment process, it was recommended that the injection point be placed at
the pump drawing from the deep sump, provided that precautions are taken to avoid
contamination of the fish hatchery's water with the chlorine. Chlorine injection at the
pumps will protect all raw water piping downstream to the treatment processes. It was
also recommended that if chlorine is injected for fouling control, the treatment plant be
placed as close to the hatchery as possible to reduce chlorine retention time, required
chlorine dosages, and subsequently to reduce THM concerns. Other alternatives to
protect raw water piping would be installing pipe wyes and redundant piping for
cleaning, redundant piping for hot water flushing operations, or fine pre-filtration with
automatic backwash filters for removal of the settLement-stage veligers. Control
strategies should be incorporated into the new facility design. Specific recommendations
cannot be made until plans for the new facility and for zebra mussel control at the fish
hatchery are decided upon. It was recommended that the group of facilities concentrate
on designing the new plant to facilitate the non-chemical control strategies such as hot



water and mechanical cleaning, since the future use of chemical zebra mussel control
strategies is uncertain.

CONCLUSIONS

The formation of the coalition of water suppliers allowed the 11 facilities to be evaluated
for zebra mussel protection in groups. Some additional effort may have been required
in grouping the facilities to sort out commonality between facilities and find zebra mussel
control solutions compatible with multiple facilities. The groupings, however, will likely
save on overall design costs by eliminating redundant efforts in costly associated tasks
such as producing drawings, selecting equipment, writing specifications, and performing
water quality pilot-scale tests. Facilities in close proximity, considering chemical control
with the same source water quality could perform one pilot-scale study for the range of
required chemical retention time and dosages. To save on design costs and pilot-scale
studies, groups of similar type facilities on other waterbodies should consider
consolidating their zebra mussel control efforts.

Finally, 10 of the 11 coalition members are proposing a group design of a dual sodium
hypochlorite/potassium permanganate feed system, in some cases with provisions for
mechanical cleaning of the intake pipes. The eleventh member is independently
designing a chemical injection system.

Carlton, I.T. 1993. Dispersal Mechanisms of Zebra Mussel ~i~i~n In: Nalepa,
T,F. and D.W. Schloesser  eds.! i 1 Im n
Lewis Publishers. Ann Arbor. 810 pp.

Kilgour, B.W. and G.L. Mackie. 1992. Effects of Salinity on Growth and Survival of
Zebra Mussels  ~gjgggg P~i~m~~. Presented at the Second International Zebra
Mussel Conference. Toronto, Ontario. February 1992.

Lake Champlain Research Consortium. 1992. A Research and Monitoring Agenda for
LakeChamplain. ProceedingsofaWorkshop. Burlington, Vermont. Decernber17-
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History

Monroe Water Works obtains water from the shallow extremities of the western
basin of Lake Erie. The seasonally warm, nutrient-rich waters provide an ideal
habitat for the zebra mussel. The region became heavily populated by the animals
soon after their discovery in lower Lake St, Clair, which is upstream from Lake Erie
in the Great Lakes system.

The rnussels are believed to have entered the raw water piping of the Monroe system
in 1988 but, possibly, as early as 1987, judging from the size and number of animals
found in the treatment works in January of 1989."'

The infestation, the first in the United States, created havoc throughout 1989 until
brought under control in 1990 Flow through the intake was interrupted numerous
times during 1989, once for a period of fifty-six hours, Herculean efforts were
required to regain possession of the raw water piping system. Initially, the nine-mile
long transmission main was treated with chlorine which successfully cleared it of
mussels but created troublesome debris problems downstream. The sixty-one
hundred foot long offshore intake pipeline was successfully cleaned mechanically,
but not without additional debris problems, Finally, chlorination was initiated at the
intake crib which created even more debris problems before final success was
declared and operations returned to normal.

Facilities Planning

New raw water facilities were already in the planning stage when the mussel
infestation was discovered. Design was suspended temporarily in order to assure
that any new construction would include all possible defenses against fixture zebra
mussel intrusions. This prompted reconsideration of intake structure design and a
search for the most effective and economical mitigation strategy,

Extensive investigations were carried out in search of the most effective and
economical treatment for permanent use."' Chlorination was a front-runner because
of initial successes with it plus the fact that its use was fully understood by the plant
staff, it was readily available, and the equipment was already on hand, On the
negative side was the fact that it would be applied from a remote controlled,
unmanned facility in close proximity to a residential area. Understandably, the
residents were uncomfortable with tons of chlorine unattended in their midst.

Investigations into the use of alternate treatments implied that while successful
results might be obtained, the cost/benefit ratios remained most favorable with
chlorine. Thus, chlorination emerged as the treatment of choice,



New Raw Water Facilities

The new raw water facilities were designed specifically for zebra musse1 control.
Included are a new raw water intake and additional raw water pump station, both
equipped to accommodate an elaborate chlorination system. All operations in the
new and existing stations are closely monitored and remotely controlled &om the
water treatment plant ten miles distant.

Much of the new system has been on stream for more than a year while some
segments have been in service only about nine months at this writing. Nonetheless,
adequate data have been accumulated to support a sound evaluation and long term
projections.

The Raw Water Intake
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Figure l, Detail of Marine Trench
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The new raw water intake pipeline meets all design objectives. It is constructed of
42-inch �06.6 cm! diameter prestressed concrete cylinder pipe  PCCP! and extends
to an intake structure 1,555 feet �74 m! oftshore in approximately 20 feet � m! of
depth. The pipeline is buried beneath the rocky lake floor with minimum cover of 3
feet �.9 m! "'



Two access points have been provided on shore to ease insertion of scrubbing
devices should the need arise. One is located near the pump station and the other is
situated in line with the straight run of onshore pipe. The pipe trench is extended
approximately 10 feet �.05 m! beyond the blind flange sealing the offshore end of
the intake pipe to permit easy retrieval of any such device.~'~'"

Figure 2. End Detail of Marine Trench

The entire intake system has been equipped with high capacity backflushing
capability whereby one or more low service pumps may draw water through one
intake and discharge it through the other. This feature may be applied to displace
frazzle ice blockages, rid a pipeline of accumulated mussels or other debris, or to
propel a scrubber through the intake system.

Two solution lines are buried adjacent to the large pipe in the same trench.+'~"
These include a 2-inch �.08 cm! diameter high density polyethylene hose for the
delivery of a chlorine solution, and a 6-inch �5.24 cm! diameter stainless steel pipe
suitable for the delivery of a high volume sidestream, should alternate treatments
become desirable. The 6-inch �5,24 cm! line is currently capped to prevent fouling.

Water enters the system through a unique, upflow inlet structure which is designed
for the dual purposes of zebra mussel control and minimization of &azzle ice
formation.+'~ " The structure, which is constructed of 0.5-inch �,27 cm! thick
steel, may be described as a hooded cone or funnel 11,5-feet �,77 m! in diameter at
the inlet tapering over a distance of 7-feet �.13 m! to a throat diameter of 42-inches
�06.6 cm! where it intersects the pipeline.
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Figure 3. Detail of the Raw Water Inlet Structure

The funnel-like cone is capped by a fiat-topped, steel umbrella with a diameter of
19-feet �,79 m! with vertical sides extending downward a distance of 4.5-feet
�.37 m!. Two-inch �.08 cm! diameter circular chlorine diffusion rings are
positioned inside the lip of the periphery of the hood, and around the periphery of
the lip of the cone.+'~"

Figure 4. Inner and Outer Peripheral Digaers
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The circular area between the periphery of the funnel and the periphery of the
vertical walls of the hood constitutes the inlet port. All water entering the inlet port
must pass through the applied chemical  chlorine! plume.

The inlet ports are situated at a depth of approximately 16-feet �,88 m! at low
water which is about 4-feet �.22 rn! above the bottom. The top of the structure is
approximately 12.5-feet �.8 m! beneath the surface. The site is not frequented by
vessels of sufficient draft to inflict damage.

Control valves to balance the flow through the difRsers were adjusted prior to
immersion of the structure and checked again under operating conditions to assure
uniform chemical dispersion, The-escape of chlorinated water outside the structure
is precluded by the umbrella during operation. If flow through the intake is
interrupted for any reason, protective interlocks irnrnediately shut down the chemical
feed and delivery pumps,

Lake elevation, water elevations in the four screen chambers and pump suction wells
are monitored continuously and displayed in the pump station and the treatment
plant. Deviation alarms alert the operator if any critical parameter exceeds operating
tolerance.

The intake pipeline and inlet structure have been in service since December, 1992.
Under normal conditions, the new intake is used in concert with the older 30-inch
�6 cm! pipeline to prevent colonization of what, otherwise, would be a dormant
conductor, Currently, about 85'/0 of the raw water arrives through the 42-inch
�06.6 cm! pipe and about 15'/0 of the total coines through the 30-inch �6 cm!,
That split, which is easily adjustable, or any desired split, remains constant over the
total flow range.

Tests and operating experience indicate that all physical aspects of the intake
structure and pipelines meet or exceed design expectations.

Frazzle lce Mitigation

The low velocity of flow through the inlet ports and over clean surfaces in the new
intake structure appears to preclude the formation of troublesome frazzle ice. At
flows of 18 rngd �8 ML/d! velocity through the inlet ports is 0.15 ft/sec � 045
m/sec!. At the funnel entrance velocity increases to 0,27 ft/sec �.08 m/sec! and to
2.89 ft/sec �.88 m/sec! in the 42-inch �06.6 cm! diameter pipeline. Weather and
sea conditions conducive to frazzle ice formation were recorded on several occasions
during the winters of 1992-93 and 1993-94 without any evidence of the troublesome
ice formations.
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Mussel Control by Chlorination

Chlorine has been used for mussel control at Monroe since 1989. Its application has
been refined over the years to achieve optimum protection and minimize impact on
other treatinent systems. As a result, chlorine doses have been carefully reduced to
current levels while effectiveness continues to be measured by visual underwater
inspections.

Chemical treatment was initiated at the new intake structure in January of 1993
using liquid chlorine. In July, 1993, the liquid chlorine system was placed in
reserve and control was shifted to the hypochlorination system for both intakes.
The shift was a precautionary measure to eliminate the risks associated with chlorine
storage and use at a remote controlled, unmanned facility.

Description of the Hypochlorination System

The desired hypochlorite application rate is set on tnanual loading stations by the
water treatment plant operator. That signal is transmitted by radio telemetry to the
pump station where it is used to regulate the motor speed of the appropriate
hypochlorite pump, Flow signals from the two discharge mains are utilized to
derive flow pacing signals to regulate the stroke of the hypochlorite pumps. Sodium
hypochlorite from the metering pumps is inixed with dilution/carrier water that
delivers the solution to the diffusers at the inlet of each raw water intake.
A sequestering agent"' is added to the dilution/carrier water to preclude precipitate
formation as a result of the elevated pH value following addition of the hypochlorite,
The material is batch fed from drums by a package unit the output of which is paced
to the metered dilution water flow. Electrical interlocks prevent operation of the
system when raw water pumps are not in operation.

Each transtnission main is equipped with a similar system, regulated by the
respective destination plant operators.

All essential parameters such as chlorine residuals, pH values, head losses at key
points, fluid elevations, and others, are transmitted to the respective treatment plant
control rooms by radio telemetry signals with telephone line backup,

Enough hypochlorite is applied at each intake offshore to provide a free chlorine
residuals of +/- 0,2 mg/L in water arriving at the pump station. The water leaving
the pump station is chlorinated again to provide a maximum 0,2 residual on arrival
at the Monroe treatment plant 9 miles �4.4 lan! away.'"~" The reason for the
multi-point application is two-fold It is intended to minimize excess chlorine in the
screen chambers in order to suppress the liberation of noxious and corrosive fumes
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in the station and, secondly, the new Frenchtown Water Treatment Fiant will also
receive raw water from this facility by the end of 1994. That plant is only 2.5 miles
�.0 km! from the pump station. The vast difference in distance and detention time
dictates individually controlled applications in order to maintain desired terminal
residuals. Underwater inspections of both intakes in November of 1993 verified the
total effectiveness of the treatment.~

Table I,

Hypochlorite Applications for Mussel Control
July - December l993

p
p ~v

+ O~

Figure 5. Chlorination Scheme for Zebra Mussel Control

304



Inspection of the 30-inch intake revealed substantial colonization of all surfaces
adjacent to but not in the chemical discharge plurne, The inlet structure on the 42-
inch intake is exceptionally clean on the inside surfaces while the exterior already
supports a substantial population of mussels.

Impacts on Water Quality

Prechlorination off shore has had no deleterious effect on the treatment process or
finished water quality, In fact, a noteworthy improvement in the stability of chlorine
residuals throughout the distribution system has been realized. The effectiveness of
ozonation for taste and odor control has not been compromised; neither have
trihalomethane levels increased appreciably.' " Compliance with the current
Maximum Contaminant Level  MCL! of &0 ug/L for total trihalomethanes  TTHM!
is easily achieved. Preliminary data implies that an even more stringent MCL for
total trihalomethanes could be met. The shaded cells in Table 2 indicate periods
during which water was being drawn from an emergency source in the River Raisin
at the time samples were collected for quarterly THM analysis. Without the
influence of river water, the annual averages might be expected to be below 40 ug/L
TTHM.

Table 2

Total Trihalomethane Formation
fVith Treble Pre-Chlorination

l991 - 1993

Sodium Hypochlorite vs. Liquid Chlorine

The results obtained with hypochlorite are very satisfactory but there are several
disadvantages connected with its use. The most notable, perhaps, is the additional
cost coinpared to the cost of liquid chlorine,' " The higher cost for hypochlorite
and the fact that hypochlorite ion is a weaker disinfectant than hypochlorous acid
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has increased the chemical cost for mussel control about 54 percent, However,
since the mussel control system is used year round, any chlorine demand thus
satisfied reduces the amount of chlorination necessary at the treatment plant.

Table 3

Comparison of Chemical Costs for Mussel Control
Liquid Chlorine vs. Sodium Hypochlorite

July � December, 1993

A sequestering agent, tetra pottasiuin pyrophosphate, must be added to the dilution
water sidestream to prevent precipitation as a result of the elevated pH value
following addition of the sodium hypochlorite.' " " The cost of the sequestering
agent equates to about $0.33/MG and increases the total chetnical cost to $2.43/MG
or 63'/o more than for doing the same job with liquid chlorine.

Table 4

Sequestering Agent Cost
Tetra Pottasi iim Pyrophosphate

 TPC 515H!
July � December, 1993

Another disadvantage of using hypochlorite is its rapid decomposition, especially
during the hot weather months. Degradation of as much as one trade percent has
been recorded by the time the material arrives at the plant site. That can represent a
loss of as much as $350 before the material arrives. The decomposition curve is
really quite steep initially and flattens out only after the material degrades or is
diluted to about a ten percent solution. As an example, in the summer of 1993, a
shipment that was 14,5 percent on arrival was down to 9.6 percent 35 days later.
The storage system has since been modified to provide for dilution of the material to
a more stable 10 percent solution upon arrival. As expected, this produces some
fluffy precipitate which, if it proves troublesome, may be controlled by adding
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another sequestering agent to the material in storage, Lacking a stable concentration,
the tnaterial has to be assayed about every other day in order to accurately determine
the amount of chlorine applied. Liquid chlorine was cheaper, more efficient, and far
less work.

Economics

The raw water systetn improvements, as built, cost a total of $4.9 million. This does
not include the cost of six large low service pumps, additional piping and valves and
other ancillary equipment yet to be added. The pumps will be added in pairs at two
year intervals,

More than $500,000 of the project cost was specificalLy related to zebra mussel
control systems.'

Previous expenditures for investigative and remedial actions, research, construction
and operation of temporary mussel management facilities from 1989 to 1992 totaled
approximately $321,795, ' Added to the cost of the new mussel management
facilities, the total expenditure for mussel control is approximately $801,960. The
initial costs were absorbed solely by the water department of the City of Monroe
without necessitating a water rate increase. The cost of construction and operation of
the raw water system improvements will be shared by the City and the Charter
Township of Frenchtown with the Township share being 4/15 of the total. The
facility will be operated and tnaintained solely by the City.

Table 5

Estimated Costs

New Facilities for Mussel Management
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Preliminary data imply that operating costs for the new mussel control systems,
excluding labor and unanticipated expenditures, tnay be expected to average
approximately $10.00/MG treated + " "

Table 6

Projected Operating Costs
Mussel Control System

 Excluding Labor!

' Bmsd on ~ af J 2f 0 BG

Start up and operation of the Frenchtown treatment facility is not expected to
appreciably increase the cost of operation. Any chemical applied to the Frenchtown
transmission main will effect a similar reduction in application to the Monroe main.
Thus, additional costs will be limited to an almost negligible increase in electric
energy consumption for the operation of one additional chemical feed pump and
attendant instrumentation.

The new raw water facilities and 'chemical treatment system meet all design
objectives for zebra mussel control. All mussel management features on the intakes,
pump stations, transmission mains and their controls have been tested, accepted, and
placed in operational status. Operation and maintenance costs for all mussel related
systems equate to approximately $10/MG treated, which is considered reasonable.

Treatment regimes have been optimized for mussel control with sodium hypochlorite
and with liquid chlorine. Sodium hypochlorite is the chemical of choice owing to
safety concerns at the unmanned facility. Comparative studies, however, have
established that chlorination with liquid chlorine is substantially more cost effective
than with sodium hypochlorite.
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No insurmountable difficulties have been encountered with the system as built, and
no deleterious impacts on finished water quality have been recorded as a result of
operations.

Underwater inspections have verified the total effectiveness of treatment with liquid
chlorine and with sodium hypochlorite. Both intake pipelines and their inlet
structures are totally free of zebra mussels, In addition to mussel control, the
offshore treatment has reduced the biofilm in the old intake and effectively kept fish
and other animals from entering the system.

The new facilities provide a blend of ample water supply with operating
convenience and a formidable defense against mussel intrusion. The system is
considered a success in all respects.
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The Zebra mussel  Dresseina polymorpha! has created serious problems for electric power
plants throughout the Great Lakes region of the United States and Canada. Chenucal treatments to date
are limited and it is apparent that new control products are required, TD 2335 is a new formulation of
an EPA registered aquatic pesticide that has shown ef5cacy against the zebra mussel in static bioassays.
These studies indicated that TD 2335 was toxic to mollusks at low concentrations. Although this
product was also toxic to other aquatic species, environmental fate data indicate rapid degradMon of
TD-2335. Uixier electric power plant control procedures, rapid microbial diqpsdation coupled with the
high filtration and retention rates of the test chemical of the zebra mussel was expected to reduce
potential discharge concentrations to relatively nontoxic levels. The purpose of this study was to
explore the efIlcacy of TD 2335 under potential use conditions in an electric power plant,

MH8088

This study was conducted on July 26-30, 1993 at the Toledo Edison Acme Station which is
located approximately five miles east of downtown Toledo, Ohio, at the mouth of the Mauniee River
which empties into the ~ end of Lake Erie. A flow diagram of this facility is found in Figure L

ZciLQLiKllckl

Appeximately 400 gallons of TD 2335 were shipped to Toledo Edison from the Elf Ation
Iacility in Bryan, TX The sample was certified in regards to the concentration of the active ingredient
and shipping papeis. The active ingredient content was 53'fa

Clumps of viable zebra mussels were added to each of thine bioboxes that were connected to
the water flow pipes at separate sites within the power plant. The bioboxes were equilibrated for several
days prior to study initiation, The locations of the bioboxes  Boxes ¹I, ¹2, ¹3! are indicated on Figute
I.

Chemical injection points were located on the suction side of the raw water pumps and on
service water header. Injection pumps were calibrated to deliver a constant TD 2335 concentration of 3
ppm. The study was planned for a 48 hour exposure.

Zebra mussels were monitored for eITects on survival, atnichment, and behavior at initiation of
the tn~ and at 0, I, 2, 4 and 8 hours after initiation of treatment.

Water samples were taken from the bioboxes, the cooling water tank and twri Maumee River
efHuent sites and concentrations of TD 2335 were analytically measunxl for each of these sites at



Figure I . Flo~ Diagram � Toledo Edison Acme Slalion
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various intervals. The sites for analytical monitoring are indicated on Figure l and were as follows:

Site B Low Level Cooling Water Tanks
Site C Biobox ¹1
Site D Biobox ¹2
Site E Biobox ¹3
Site F Discharge channel into 1'vhumee River
Site G Fly Ash Pond Effluent into Maumee River.

Samples were collected on the following schedule:

Site B 0, 1, 2, 4 and 8 hours
Site C 0, 1, 2, 4 and 8 hours
Site D 0, 1, 2, 4 and 8-hours
Site E 0, 1, 2, 4 and 8 hours
Site F 0, 4, 8, 12, 16, 24, 28, 32 and 36 bours
Site G 0, 4, 8, 12, 16, 24, 28, 32, 36, 44, 52, 60, 68, 76 and 84 hours

Samples were collected into appropriately sized bottles and handled acconfing to procedures
established by Elf Atochem for aquatic test samples, Sample handling procedures were completed by
Elf Atochem personnel. After sampling, the water samples were lrozen. Upon completion of the test,
the samples were shipped on dry ice to McKenzie Laboratories for analysis. McKenzie Laboratories
was selected on the basis that this laboratory had procedures in place for analyzing wats samples for
TD 2335,

Composite samples of efTluent ~ collected at Sites E and F by staff from EnviroScience,
Stow, Ohio, and transported to their facility for testing. Both sites were at study initiation and after 24,
48 and 72 hours post initiation of exposure. An intake water sample was taken at study initiation to
serve as a control for the bioassays

Static bioassays were conducted on these samples in Daphnia magna and ~ minnow
 Pimepbales promeias!. These tests were standard 48 hour Daphnia magna and 96 hour fathead minnow
studies as specified by the Ohio EPA Quality Assurance Manual and/or standard operating procedtues
promulgated by the U.S, EPA. The tests were conducted with undiluted effluent samples.

Static and semistatic bi~ were performed by Dr. Susan Fisher, Ohio State University.
Two experimental formulations were used in these tests and were designated as TD 2330 and TD 2335,
'ice results from these studies are surrtrruuized below. Small rnussels were approximately 0.5 to 0.8 cm
while large mussels were approximately 2.0 to 2.5 crn. The veligers were 3 to 4 days old. The LC50
value is the test concentration that produces lethality in 50/o of the test species. The LT50 is the time
required 'to produce 5 Pfo lethality in a test specie at a given concentration.
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TABLE 1

Laboratory EfTicacy Trials: Summary of Results

Size of Mussel TD 2330 TD 2335

66,0 hours
34.6 hours

Veligers
24 hour LC50 0.71 ppm0.19 ppm

Based on the results from these studies, it was determined that a 48 hour exposure at a
concentration of 3 ppm was selected for the field trial.

At 1, 2 and 4 hours after the initiation of tn~ient, the Zebra mussels appeared viable. At the
8 hour interval, all mussels within Bioboxes 1, 2 and 3 were gapped open and nonresponsive to external
stunuli. The Bioboxes were operied and the mussels removed for further evaluation. All mussels lrom
bioboxes 1 and 3 and most of the mussels from biobox 2 vere considered nonviable while other mussels
showed slow response and were not expected to survive. The study was considered completed at this
time and TD 2335 treatttantt was stopped.

As noted above the equsure level for TD 2335 was nominally selected to be 3 ppnL Results
from the in-plant analyses are summarized in Table 2. ln general, TD 2335 concentrations were
~ly within this expected range around the nominal concentration. The exception is the 4 hour
sample from Biobox ¹l. Tbe higher concentrations seen at Biobox ¹3 are considered to be combination
of in-plant concentrations from the nrw ~ addition and the "recharging" of TD 2335 by pumping at
the service wahoo header.

Small Mussels-
24 hour LC50
48 hour LC50

LT50 Q 1 ppm
1.T50 Q 3 pprn

Large mussels-
24 hour LCSO
48 hour LC50

LT50 . 0.5 pprn
LT50 . 1,0 ppm

1.44 pprn
0,51 ppin
72.0 hours

.15.5 hours

'2.00 ppm
1,35 ppm

33.0 hours

5,7 ppm
2,0 ppm
118.5 hours
38.2 hours



Sample site Time Interval Concentration

Cooling water tank
 B!

Biobox ¹1

 C!

Biobox ¹2

 D!

Biobox ¹3

 E!

Concentrations of 1D 2335 in effluent samples &om the d~e channel and the fly ash pond
are surnrnarized in Table 3.

Transit time from the raw water pumps through to the discharge channel was e~ to be 16
to 24 hours. However, the highest residue concentration �.115 pprn! was seen at the 8 hour interval
which suggests that the transit time may be shorter. By 16 hours, insignificant levels of TD 2335 were
discharged in the channel.

ConcentrationSample site
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TABLE 2

Results from In-Plant Analysis for TD 2335

1 hour
2 hours
4 hours
8 hours

I hour
2 hours
4 hours
8 hours

1 hour
2 hours
4 hours
8 hours

1 hour

2 hours
4 hours
8 hours

TABLE 3

Effluent Concentrations of TD 2335

8 hours
16 hours
24 hours
36 hours

1.27 ppm
33 pprn

2.10 ppm
1.92 ppm

2.05 ppm
3.10 ppm
0.86 ppm
2.04 ppm

0.05 ppm
1,27 ppm
1.70 ppm
2.97 ppm

2.13 ppm
2.79 pplrl
3.52 ppm
3.32 ppm

0.12 ppm
%.01 ppm
0.01 ppm

<0.01 ppm



TABLE 3 continued

Sample site Time Interval

Ry Ash Pond
 G!

Discharge samples frrxn the fly ash pond effluent ranged from 0.045 �6 hour sample! to 0.273
ppm �8 hour sample!. The transit time from the service ~ header through to the fly ash pond
discharge into the Ivfaumee River was nqmcte3 to be 24 to 48 hours. Thus, the 0,133 ppm values at the
8 hour interval is unusual. T!ie average concentration of TD 2335 in ash pond effIuent sainples was
0.147 ppm over the 84 hour collection period.

None of the bioassay samples from the Maumee River eftluent sites was acutely toxic to
Ceriodaphnid or fathead minnows.

DISCUSSION AND CONCLUSIONS

Upon completion of the laboratory efficacy trials, it was decided that further laboratory trials
would be conducted under flow through conditions. Flow through bioassays would better simulate the
potential field use of TD 2335. The major pttrpcse of the flow through studies would be elucidation of
specific treatment concentranons and durations for field trials,

The opportunity to conduct the field efficacy trial at the Toledo Edison Acme Plant occuwaxl
shortly after the decision to conduct the flow-through studies was made. Since these data were not
available, the determintition of the appropriate treatiment ccricentration and duration for the field trial had
to be based on the liinited static bioassay results. On the basis of' the static tests, a trimtment
concentration of 1 to 1.5 ppm with a 48 hour treatnlnt period was considered adequate. Upon
evaluation of the Acme plant, however, it was decided that a higher concentration should be used.
Initially, TD 2335 was intended to be pumped at suction side of the raw water pump only. Based on
the design of the Acme Station, it was expected that at least some, if not a significant amount of TD
2335 would be taken up in the sand filters as well as by the large biomass of zebra mussels. Thus,
declining concentrations of TD 2335 would occur as the water traversed through the power plant. The 3
pprn concentration was selected on the basis that this would permit a 50'/o loss ot TD &i35 without a
loss of efficacy.
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4 hours
8 hours

16 hours
24 hours
36 hours
52 hours
68 hours
76 hours
84 hours

<0,01 ppm
0.133 ppm
0.045 ppm
0.066 ppm
0.264 ppm
0.272 ppm
0.273 ppin
0.188 ppm
0.118 ppm



In addition, it was determined that a "recharging" of the TD 2335 may be necessaiy. It was
decided that a second pump would be placed in the service water header and with a 3 ppm recharge at
that point,

Based on the in-plant analytical results, it appeius that very little loss of TD 2335 occuned
throughout the trial. The cooling water tank was located just afler the sand filters. The concentrations
in the cooling water tanks reached plateau concentration approximately 2 hours after pumping was
initiated. Figure I shows Bioboxes ¹I and ¹ 2 in close proximity to each other. From an in-plant
standpoint, these bioboxes were close, however, from a water flow prospective, they were separated by a
substantial distance. The analytical results suggest that 3 to 4 hours were required for concentrations in
biobox ¹2 to be comparable to those of biobox ¹I,

Biobox ¹3 was spatially located next to biobox ¹2. The water flow for biobox ¹3 was
distinctly different &om Biobox ¹2. The water source for biobox ¹3 was ftom the service water header
which received the 3 ppm recharge. The TD 2335 concentration at this point consist of any residual TD
2335 from the raw water injection as well as the "rechaqp". The analytical results at 4 and 8 hours
suggest that a smaller "recharge" could have been used.

From a flow standpoint, TD 2335 concentrations seen in the discharge channel are a direct
reHection of addition of TD 2335 at the raw water header. Fly ash pond effiuent coe~trations reflect
residual TD 2335 fiom applicanon at the raw water header as well as the "recharge" at the service water
header. Reduction in "~e" concentrations would be expected to reduce effluent concentrations in
other power stations of similar design.

In conclusion, an 8 hour application of TD 2335 at a nominal concentration of 3 ppm resulted
in Iethality to Zebra mussels at the Toledo Edison Acme Station. Effluent concentrations of TD 2335
ftom the power station into the Mwmee river were low and did not produce mortality in either fathead
minnow or Ceriodaphnia bioassays. This field efficacy trial provides subsnuinal guidance for planned
field efficacy trials to be conducted in 1994.



Enhanced Toxicity of Zebra Mussel Control
Chemicals in Pure Water
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Abstract-Previous studies have shown that deionized water enhances the toxiciry of
potassium chloride  KCI! to zebra mussels approximately 10-fold, compared to its
toxicity in normal aquarium water. In order to determine whether the enhanced
toxicity caused by deionized water is a general effect or is specific to KCI, the effects
of deionized water on the toxicity of other toxic chetnicals was investigated. In
addition, we tested whether purified water produced for use in a high pressure turbine
drive system  high purity condensate  HPC! water! was as effective as laboratory
deionized water in enhancing the effect of a toxic chemical.

Toxicity of sodium hypochlorite was enhanced approximately two orders of
magnitude in deionized water: in aquarium water, 10 mg/L   LC50   100 mg/L;
in deionized water. 0.1 mg/L < LC50   1 mg/L. A shift of two orders of
magnitude in toxicity was also observed for ouabain: in aquarium water, 10 M <
LC50   10 ~ M; in deionized water, 10+ M   LC50   10 5 M. Virtually no shift
in toxicity due to deionized water was observed for niclosamide and for Endod. For
niclosamide, LC50 in deionized water was slightty less than 10 ~ mg/L and in
aquarium water slightly above 10 ~ rng/L. For Endod LC50 was between 5 and 10
mg/L in both media.

The largest shift in toxicity in deionized water occurred for Noxfish
 rotenone!, for which LC50 shifted from approximately 1 mg/L in aquarium water to
less than 10 mg/L in deionized water Thus, the enhancement of toxicity due to
deionized water is not an additive effect, but varies with the toxic substance, probably
according to the mechanism of toxicity.

HPC enhanced toxicity of KCl as effectively as did laboratory deionized water.
KCI was approximately 10 titnes more toxic to zebra mussels in both HPC and
laboratory deionized water than it was in aquarium wa~er. Death occurred within 24
hours, and during an additional 24 hours after return of rhe mussels to aquarium
water, mussels in sensitive groups continued to die Thus, HPC may prove to be
convenient for use in power plants' zebra mussel control applications in service water
systems, since it is a by-product of steam-generated, supercritical power plants and. is
effective at enhancing the toxicity of chemicals that may be useful for controlling
zebra mussel infestations.
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INTRODUCTION
The viability of zebra mussels is greatly affected by the presence of purified

water. This was first discovered serendipitously by Jim Selegean while studying the
possible use of zebra mussels as a biofilter for waste water treatment  Selegean,
1993!. In his initial experiment, investigating how well zebra mussels could survive
in Detroit sewage, Selegean �993! tested groups of inussels in various dilutions of
sewage, diluting the sewage with deionized water. The mussels survived well in
Detroit sewage, surviving quite well except in the highest concentration; however, the
group that died most quickly was the cotitrol group in deionized water with no
sewage. This result suggested thar. deionized water might be a non-poButing inedium
with which to kill zebra mussels, and subsequent experiments confirmed this  Ram
and Walker, 1993a,b!.

As shown by Ram and Walker �993a,b!, mussels placed in deionized ~ater
begin to die within a few days. In contrast, animals in normal aquarium water
survived in most cases for 7 days or more in deionized water. Ram and Walker
�993a,b! also showed that animals are more sensitive to toxic chemicals when
exposed to them in deionized water than in aquarium water. This was demonstrated
to be the case using potassium, previously reported by Fisher et al, �991! to be toxic
to zebra mussels. In experiments by Ram and Walker �993a,b!, measuring the
survival of mussels after 24 hours in various concentrations of KCl in deionized
water and aquarium water, zebra mussels in aquarium water did not die until the
concentration of KC1 exceeded 100 ing/L; whereas, in deionized water, 30 mg/L was
lethal within 24 hours, The shift in sensitivity to potassium was thus increased about
10-fold in purified water.

In the present study, the effect of purified water on the toxicity of other
chemicals toxic to zebra mussels was investigated. Are the effects of all toxic
chemicals siinilarly affected by purified water or is the mcreased sensitivity to
potassium specific to potassium? If death were due just to a generalized stress or
osmotic response of the animal, then we might expect the toxicity of all chemicals to
be enhanced similarly, about 10-fold, This was investigated by exarriining the effects
of purified water on the toxicity of several toxic chemicals, including sodium
hypochlorite, one of the most frequently used control chemicals. This paper reviews
data on selected data previously reported by Walker and Ram �994!. In addition,
experiments were initiated to determine whether purified water produced by thermal
power plants was pure enough to mimic the toxicity enhancing effects of laboratory
deionized water. Purified water can be difficult and expensive to make; however,
thermal power plants inake large quantities  tens to hundreds of thousands of gallons
per day! of it for use in their high pressure turbine drive systems. These experiments
were initiated using potassium as the toxic test chemical.

MATKRI,!LLS AND MKTHODS
Mussels were placed individually in capped glass vials, filled with 10 ml of
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Fig. 1. Toxicity of tVaOCl in aquarium water  A. W.! and deionized water  D.W.!.
 A! Dose-response curves for NaOCl in A. W. and D. W Dose-response curves were
determined in separate experiments for rhe rwo vehicles. Ten animals were tested at
each concentration in each vehicle, and scored for viability at 24 hrs.  B! Viability
after 24 hrs in A. W. and D. W alone and in 1 mg NaOCl/L A. W. and D. W. 1 mg
NaOCl/L was a concenrration at which the dose-response curves in  A! diverged
berween A, W. and D, W. n =10 animals in each group, Reprinted with permission
from Walker and Ram, 1994.
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purified water or other solutions. Iti experiments that lasted more than one day the
water in each vial is changed daily. In all experiments, groups of animals were also
placed in normal aquarium water as a control for normal viability. For the
experiments using laboratory deionized water, the water was MILLI-Q water with a
specific resistivity of > 14 Mohm, and all experiments were done at 18 C by
iminersion of the vials in a thermostatically regulated water bath. Except where
otherwise indicated, the aiiirnals being tested were young animals, about 1- 3 mm in
length.

The effect of purified water on the toxicity of 5 chemicals was investigated:
sodium hypochlorite  NaOCl!, ouabain  which is an ion pump poison, Sigma!,
tiiclosamide  a toxic cheinical also studied by Wailer et al., 1993! and known also as
Bayer 73 or Bayluscide, obtained from Sigma!, Endod  a botanical product
investigated previously by Lemma et al., 1991 and Lee et al., 1993; obtaiaed froin
Lee!, and rotenone, in its commercial formulatioti as Noxfish  Roussel Bio Corp.,
Englewood Cliffs, NJ!.

Experiments with each toxic agent were conducted in three stages. First a
concentration-response curve was generated with the toxic substance dissolved in
aquarium water, measuring numbers of animals surviving after 24 hrs exposure.
Second, a concentration-response curve in deionized water was determined. Finally,
with the two concentration-response curves in hand, a single concentration was chosen
at which a difference in sensitivity, if present, would be expected, and animals in both



EN

w ao[
100

4J 80

SO
I�

<0

0 zo

110
I�
Z
0
IJJ
0 20

0 10 10 ~ 10 'IO

!Ouabain], M

A.W. Ouaboin O.W. OuO00>n
10 II 10 LI
AW. D.W.

Fig. 2. Toxicity of ouabain in aquarium water  A. W.! and deionized water  D W!.
Design of experiment was the same as in Fig. 1.  A! Dose-response curves.  B!
Direct comparison of sects of 1K M ouabain in A. W. and D. W. Reprinted with
permission from Walker and Ram, 1994,

aquarium water and deionized water were tested at the saxne time.
To investigate the efficacy of purified water from a thermal power plant,

purified water was obtained from Detroit Edison from their Monroe coal-fired power
plant. This water is called "High purity condensate"  HPC!, Mussels were imxnersed
in either aquarium water, laboratory deionized water, or high purity condensate, with
and without various concentrations of potassium. After 'Z4 hours, the medium for all
anuads was replaced with aquarium water, to see if animals would recover from the
observed toxic effects. Tbe number of survivors was counted daily.
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RESULTS
A typical result for sodium bypochlorite is shown in Fig. 1. The two

concentration-response curves are shown in Fig IA. In aquariuxn water, it took 100
xng/L sodium hypochlorite to kiII all musseis; whereas, in deionized water, only 1
mg/L was needed, a shift in sensitivity of 100-fold. With hypochlorite the shift in
sensitivity is, thus, about 10-fold greater than with potassium. Similarly  Fig. 2!,
there was a 100-fold increase in sensitivity for ouabain. All mussels were dead in
aquariuxn water at 10 M ouabain; whereas, 10 M ouabain was sufficient to kill all
xnusseis in deionized water. A direct comparison at 10 M ouabain confirmed this
difference.

However, deionized water did not increase the toxicity of all toxic chemicals,
As described elsewhere  Walker axid Ram, 1994!, niclosamide showed practically no
difference in sensitivity, with all anixnals dying in 10 M niclosamide in both
deionized water and aquarium water. The only reliable difference in niclosamide
toxicity was at 10 ~ M niclosamide, at which all animals survived in aquariuxn water,
but 60 - 70% died in aquariuxn water. Sunilariy, there was little, if any. enhancement
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Fig. 3. Toxicity of Noxfish in aquarium water  A. W.! and deioni.ed ~ater  D. W.!.
Design of experiment was the same as in Fig. 1, Concentrations of Noxfish are
calculated with respect to the amount of active ingredient, rotenone, in the solution
being tested.  A! Dose-response curves.  8! Direct comparison of effects of 0.01 g/L
NoxJish in A. W. and D. W. Reprinted with permission from Walker and Ram, 1994.
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of toxicity of Endod. The concentration-response curves in deionized water and
aquarium water were practically identical  LC50 of approximately 1 to 10 mg/L!, and
no significant differences between the two treatments could be detected at any
concentration.

In contrast to these results, deionized water caused a greater enhancement in
sensitivity to Noxfish  rotenone! than to any other toxic chemical previously studied.
Data in Fig. 3 show that the sensitiviry to rotenone was increased an extraordinary
four to five orders of magnitude. Whereas, 10 mg of rotenone/L was necessary to
kill musse!s in ordinary aquarium water, in deionized water, all mussels died at 10

7
tng/L. A direct comparison at 10 - mg/L confirmed this difference in sensitivity.

HPC does seem to be just as effective as laboratory deionized water at
enhancing the toxicity of potassium. In the experitnents in Figure 4, repeated three
times with different groups of animals, concentrations of potassium greater than 100
mg/L were necessary to kill all animals in aquarium water. The sensitivity to
potassiutn was enhanced about 10-fold in both 1aboratory water and HPC, so that only
10-30 mg/L was necessary to kill all mussels. Furthermore, to assure that animals
classified as dead after 24 hours in these solutions were in fact dead and not merely
paralyzed, all aniinals were put back into aquarium water for an additional 24 hours.
As illustrated in Figure 4, the result was not only do they not recover in aquarium
water, but mussels previously exposed to potassium continued to die even in dus
supposedly healthy environment. In fact, in all of our experiments in which literally
hundreds of dead mussels have been observed, there has been only one case in which
an apparently dead mussel did in fact recover in aquarium water. Additional
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experiments on effects of HPC alone or in combination with potassium on different
sized animals are described in a recently submitted manuscript by Fong et al. �994!.

DISCUSSION

The initial series of experiments in this paper demonstrated that the
enhancement of toxicity by deionized water is tiot specific to potassiutn. However, it
also does not seein to be due to a generalized osmotic stress effect, or we would have
seen the sensitivity to ail toxic agents increased about the same amount. Instead, the
enhancement ranged from no effect to 10-100,000-fold. The effect may in fact be
dependent on specific inechanisms of toxicity in the animal and particularly the
location at which the active agent works. Rotenone, the active agent in Noxhsh,
whose toxicity is enhanced the greatest, is a mitochondrial poison  Anderson et al.,
1993; Chretien et al., 1990!. We hypothesize that any tnechanism, such as osmotic
stress, that increases the uptake of chemicals into cells, may be expected to enhance
its effect of any agent whose primary site of action is intraceilular. Increased uptake,
together with the increased energy demands on mitochondria caused by osmotic
stress, may act synergistically to produce the extraordinary enhancement obtained
with rotenone. In contrast, a surface active agent, for example, Endod, would not
have its effect enhanced because it is already at its effective site in normal water.
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Fig. 4. 'Toxicity of KCl in high purity condensate  HPC! water, compared to its
toxicity in deionized water  DW! and aquarium water  AW!. Survival was assessed in
various concentrations of KCl for 1 - 3 mm zebra mussels after 24 hr treatnient  open
symboLs! and after an additional 24 hr  filled symbols! during which the medium for
all mussels was changed to AW, with no added KC1. Points represent the means +
S.E. of percent of animals surviving in three replicate experiments.



These are hypotheses about inechanism which can be subjected to experimental test
and may lead to even more effective enhancetnents of toxicity.

This paper has also detnonstrated that purified water, such as is readily
available in thermal power plants as makeup water for high pressure turbine systems
is an effective vehicle for enhancing the toxicity af toxic chemicals to zebra mussels.
The amounts of this water, while not sufficient for once-through cooling systems, is
probably sufficient for service water systems such as fire control systems. Excess
capacity in the makeup water system can be used to flush service water systems with
or without low concentrations of toxic chetnicals added, Furthermore, we have
shown that the toxicity of a commonly used control chemical, hypochlorite, is
enhanced 100-fold and the toxicity of rotenone, a chemical agent approved by EPA
for other uses, is enhanced 10-100,000-fold.
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ABSTRACT

D~r~~na g~l~~r~  zebra musse/! were exposed to several treatment levels of chlorine
dioxide to determine the potential of this oxidant to be an efFective molluscicidal agent.
Zebra mussels were collected from Lake Erie and evaluated using Niagara River, NY
water, Testing was performed on-site at an industrial plant in which adult zebra rnussels
were treated continuously with chlorine dioxide using a flow-through specimen
containment box specifically designed for adult eradication studies. Treatment levels
ranged fi'om 0.2S ppm - 5,0 ppm above the oxidant demand of the river water utilized.
Thirty adult rnussels were exposed for each treatment level tested. All treatment leveh
produced 100/o mortality ranging fiom 2,9 days - S.S days at a temperature averaging
14.3oC �7.7oF! for testing performed in early tune. The control specimens exhibited no
mortality during this 9 day test period. Additional testing performed in mid-August at
treatment levels of 0.25 ppm � 0. 50 ppm produced 100 ra mortality ranging from 1.6 days-

. 3.7 days at an average temperature of 25.8 C �4.8 F!. A 13'/o control mortality was
recorded for this test, however the results generated were statistically acceptable. The
results of these studies established a temperature dependent response in relation to the
increased ef5cacy of chlorine dioxide with increasing water temperature. A carefuHy
structured zebra mussel mortality proto'col used to determine specimen death was strictly
adhered to during examiruttions which were made every two hours, Behavioral responses
of adult zebra mussels to chlorine dioxide exposure were observed and used as an
indicator to determine time of zebra mussel mortality, Kstoiogical studies to determine
the mode of death were also performed. During testing water parameters were monitored
as in pH, oxidation-reduction potential, chlorine dioxide residuals, dissolved oxygen, flow
rate, temperature and conductivity. The 100'la mortality results achieved in these studies
indicate that chlorine dioxide is ef5cacious for control of water system macrofouling by
adult zebra rnussels. Chlorine dioxide was toxic to zebra mussels at concentration levels
as low as 0.2S ppm above the oxidant demand of the raw water system tested.
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Zebra Mussel eradication studies were conducted at a test site located in Niagara Falls,
NY from June 1 - 10, 1993 and August 16 - 20, 1993. The test site is a producer of
liquid nitrogen, hydrogen, oxygen and argon for bulk transport, which requires
tremendous quantities of cooling water. The source of this once through cooling water is
the Niagara River, NY. The pumping capacity of this facility is 35 MGPD, This facility
also supplies water to neighboring chemical manufacturers, therefore it is critical that
ef5ciency loss be kept to a minimum by the control of Drei~~n ~ii~g~g  zebra
mussel! infestation.

D~ri igniL ggilignorah'l  referred to commonly as the zebra mussel! is a smaH, striped,
&eshwater mollusk which was first discovered in Lake Erie in 1988 and reported in New
York State in 1989/1990. �! Kstorically, the zebra mussel has been an inhabitant of the
Northern Caspian Sea in what is now known as the Soviet Republics since the 1700s,�!
This extraordinarily hardy organism has in the past century invaded the entire European
continent and subsequently has been recently introduced into North American waters by
international shipping vessels emptying fi.eshwater ballast into the Great Lakes Region. l!
It has also been observed that zebra mosses can tolerate both Beshwater and marine
environments as weH as live for extended periods out of water which will lead to
additional infestation to surrounding waterways due to recreational boating. �!

The reproduction cycle of the zebra mussel is the primary key to the rapid and abunclant
infestation being displayed by this organism. �! Eggs produced by the female are fertilized
outside of the shell and hatch into &ee-semnning larvae caHed veiigers. Veligers are
capable of actively swimming for 1 to 2 weeks resulting in population dispersion with a
considerable distance &om parent colonies. Within 3 weeks of hatching the veligers reach
the settling stage in which attachment to a substrate occurs. Aiter attachment, the veligers
undergo a metamorphosis to the shelled adult. Adults can vary in size fiom 1 to 1.5
inches. The adult remains attached to the hard surface which may be rock, metal, wood,
plastic, vinyl, glass or rubber etc, by use of byssai threads produced by a gland in the
mussel. If necessary, byssai threads can be severed by the mussel and regenerated for
reattachment in a more conducive environment, With the environment as a variable, zebra
musseis can have an average iife span of 3. 5 years and in some cases 5 years. �,3!

The zebra mussel feeds and respires using filtration which is accomplished by water
passing over the mussel aUowing cilliary movement of mussel components acting as a
filter. Each adult zebra mussel is capable of filterin up to one liter of water per day.�,4!
In this function the mollusk displays selectivity in the acquisition of food.�! These
organisms are not only causing severe macrofouling of water intake pipes but are also
having an efFect on plankton food supplies of the delicate ecosystem of the Great Lakes
Region,�!



The objective of these studies was to determine if chlorine dioxide would provide the
needed eKcacy for the mitigation, eradication and long term control of macrofouling in
the raw water system of the industrial test site utilized.�! This was attempted by
evaluating a range of treatment concentration levels.

N TI

Adult zebra mussels were collected 6om Lake Erie and transported in lake water to the
test site in Niagara Fails, NY. The mussels were then habituated in 25 gallon aquaria that
were continuously aerated three days prior to experimentation in order to insure specimen
viabiTity,�!

LL I E

Chlorine dioxide  C102! was evaluated to determine if the oxidant would provide
efTicacious responses against adult zebra mussels. Chlorine dioxide used in these studies
was generated on-srte prior to this testing periods using a GENEROX 3 - Chlorine
Dioxide Generator which incorporates a three pump method.�,8! This generation
required the reaction of sodium hypochlorite with the DREWCHLOR. precursor which
}s 25% sodium chlorite. This reaction is as foUows:

NaOCl + H20 ~ NaOH + HOCL
HC1 + HOCl +' 2NaC102 m 2C102 + 2NaCl + HZO

 DREWCHLOR.!
Chlorine dioxide is a yellow-green gas which is water soluble, a true dissolved gas with a
pH range of 2.S-3.5,�,8! A minimum available chlorine dioxide of 500 ppm, the target
chlorine dioxide concentration needed to produce optimum results, was achieved through
this generation, Once chlorine dioxide generation parameters were satis6ed, injection
was made continuously in separate feed levels ranging &om 0.25 ppm - 5.0 ppm above the
demand of the raw water. The chlorine dioxide demand of the raw water was determined
to be 0.30 ppm Chlorine dioxide was pumped into the individual specimen containment
equipment via separate pumps for each treatment level. The desired residuals of chlorine
dioxide were maintained by testing every two hours for the duration of each test using a
DPD  N,N-diethyl-p-phenyienediamine! photometric and a colormetric 6eid titration
procedure. Oxidation-reduction potentials were also utiTized to maintain target chlorine
dioxide residuals. Testing of these parameters was crucial for maintaining the continuity
of these evaluations. The controls  untreated raw water! were tested and did not contain
any chemical contamination that would hinder or bias these evaluations.

W~EILtt 0 'a ZMI Ml T
The procedure for the determination of chlorine dioxide to be a chemical treatment able to
produce adult zebra mussel mortality is as follows:

129



 A! As previously described, a stock of adult zebra mussels were carefully prepared for
experimentation. This allowed the selection of only the most healthy and viable zebra
musseis for these studies.

 B! Chlorine dioxide was generated on-site at the test location with an initial mean ppm
concentration of 473 pprn chlorine dioxide.
 C! Equipment descriptions and assembly prior to testing:
�! A specialized specimen containment system was sized for each level of
concentration tested as well as the untreated control. These specimen containers were
constructed of a black plastic so that light conditions could mimic raw water distribution
lines. The dimensions of these containers were l2 inches  H! x 12 inches  W! x 12 inches
 L!, thus forming a cube shaped container with a hinged lid, which swings open from the
top. The intake bulkhead fitting is located on the side near the bottom of the specimen
container. The discharge bulkhead fitting is located on the opposite side of the intake and
is near the top of the specimen corrtainer, This assembly aOows an appropriate flow rate
of one gallon per minute through the specimen container. These specimen containers were
placed in an area of the industrial test site where a constant raw water supply was present
as weU as suitable drainage to provide proper container function.
�! Each specimen container was equipped with an enclosure that houses thirty adult
zebra mussels in individual chambers for treatment efFectiveness evaluations. The
materials used to construct these enclosures are non-toxic, high density, polyethylene and
PVC to provide a test environment See of metal contaminants to aHow for accurate
efBcacy testing. These enclosures are 2 inches  H! with the width and length
approximately I I 7/8 inches in order for the enclosure to rest horizontally on a 1/8 inch
wide ledge along the perimeter of the specimen container The chambers in which the
zebra mussels are housed allow the raw water, treated or untreated, to pass through the
chambers while the test specimens are confined so that progress can be tracked for each
mussel during the test period.
�! Thirty zebra musseis were placed into each of the individual chambers within the
enclosure that were secured with wing-nut closures and placed inside a specimen container
for exposure. The specimens were allowed to acclimate for 36 hours with untreated
waterflow. No mortalities were observed in either of the two studies performed prior to
treatment with chlorine dioxide.

�! After acclimation, treatment with chlorine dioxide was initiated at levels of 0,25
ppm, 0,50 ppm, 1.0 ppm, 2.0 ppm and 5.0 ppm residual chlorine dioxide above the
demand of 0.30 ppm. Treatment with chlorine dioxide was maintained on a continuous
basis. Waterfiow ratios were maintained through the monitoring of the untreated control
specimen container for each study.
 D! The procedure for monitoring the efFects of chlorine dioxide on the zebra mussels is
detailed as foHows:

�! Every two hours �20 min.! in addition to the determination of zebra mussel mortality
the following parameters were measured:
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 a! pH measurements were taken for each specimen container both chlorine dioxide
treated or untreated.

 b! ORP  Oxidation-Reduction Potential! readings were performed for all specimen
containers.

 c! Chlorine dioxide residuals were determined by Drew's chlorophenol test kit which is a
field titration method to determine chlorine dioxide residuals. The residuals obtained by
this method were cross-checked utilizing a Hach modified DPD photometric test specific
for chlorine dioxide. There was excellent agreement with the Geld titration method,
 d! The DO  dissolved oxygen! of the raw water was measured.
 e! The flow rate to the specimen containers was monitored to insure a l,0 gpm flow rate.

�! Other water parameters that were tested every eight hours during the test period
were:

 a! Chlorine dioxide reservoir tank concentration was tested using the Hach DR 2000
spectrophotometer to be certain of the integrity of the chlorine dioxide being used in these
evaluations,

 b! Chlorine dioxide pump draw downs were performed routinely to assure proper
metering rates of chlorine dioxide into the specimen containers.
 c! Temperature of raw water.
 d! Conductivity of raw water,

�! Every two hour period the inspection of the zebra mussels within the individual
specimen enclosures were exmnined for mortality. This was accomplished by;
 a! Each of the thirty musseis in ail specimen containers used in these studies were
removed, one at a time to observe its appearance. These observations required efficiency
and quickness to be sure that the musseis were not removed &om the water for extended.
time intervals. All of the test organisms were observed and evaluated every two hours.
 b! The appearance check also involved in some cases physical stimuli. Expired mussels
are obvious in that their valves are displayed wide open with internal organs clearly visible,
however this may not occur in all cases.
 c! If doubt was present as to if a zebra mussel had expired, a probe was gently
administered between the bi-valves. If the mussel was alive it would respond positively by
tightly closing the shells, If no response occurred, the mussel was held in both hands using
the thumbs and index fingers to gently twist the mussel longitudinally, so as to very
sbghtly set the two shells ajar  <Imm!. If the mussel responded by closing the shells, it
was scored as alive and returned to the specimen container enclosure.
 d! If mortalities were recorded, the expired mussels were placed in a~inatioa/transport
jars containing iso bufFered formalin solution for preservation, labeled and routed to
Cornell University, Ithaca, NY for histological exainination. Examinations of the soft
tissue and internal organs of the expired musseis would show, in theory, lesions caused
by chlorine dioxide eqmam as a cause of death, This would give indication that chlorine dioxide
caused zebra mussel mortality, not mortality due to sedation or su~on.
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 e! In order to statistically determine the efFccts of chlorine dioxide, the percent mortality was
calculated by:

Number of Expired Mussels X 100 = Percent Mortality

Total Number of Mussels
in Specrllc Enclosure

aho to determine &equency of treatment:
Treatment Percent Mortality - Control Percent Mortality = M A ted t T

RQ!~T$
� Ital ~
Measured water parameters during both test periods remained constant in all variables
monitored, Since water parameters were tested every two hours of these evaluations, a
very effective method of control was available to correct minor inconsistencies when
apparent. These evaluations therefore had built-in quality control in order to maximize the
quality of data generated.

The temperatures of the raw water for the early June study ranged Born 13.SoC - IS.9oC
with a mean of 14.3oC, Temperatures for the mid-August evaluation ranged &om
24,6oC - 26,4oC with a mean of 2S,8oC. All specimen containers had temperatures
consistent with the control during testing. Dissolved oxygen readings of the raw water
ranged &om 9,4 mg/I - 10.6 rng/1 with a mean of 10.1 mg/i. The DO levels were in a
range consistent with very turbulent water as was evident at the test site. Chlorine dioxide
residuals which were very important in maintaining the integrity of these studies did not
deviate significantly Rom the assigned dose rates of 0.2S ppm, O.SO ppm, 1.0 ppm, 2.0
ppm and S.0 ppm. The pH in certain specimen containers decreased slightly when
increased treatment of chlorine dioxide was applied, which was expected. The ability to
maintain test treatment levels was primarily due to the stability of the chlorine dioxide
reservoir which ranged in concentration &om 4SZ ppm - S23 ppm with a mean of 483
pprn,

The level of chlorine dioxide treatment established an ORP  oxidation-reduction potential!
range of 362 mv - 781 rnv depending on dose rate, The ORP of the raw water was
consistent at a range of 204 rnv - 294 rnv with a mean 241 rnv. Flow rate of 1.0 gpm
 gallon per minute! for each specimen container was required to maintain proper
operating conditions in the test systems Flow rate checks were diTigent and adjustments
were made if necessary, Lastly, conductivity measurements were made on the raw water
with a mean value of 272 micromhos/cm.



As a result of the constant water parameters which existed through these studies it can be
determined the parameters did not interfere with the test objective of the determination o f
chlorine dioxide toxicity. Therefore, water parameters in these studies did not have an
effect on the experimental outcomes with the exception of temperature. Mortality of
control zebra mussels did not occur over the test exposure period �11.0 hours!, in the
early June study. A low 13% mortality occurred on the control for the mid-August test
period, These overall statistics would suggest that the mortality which was observed in
the zebra mussels was a result of the toxicity of chlorine dioxide and not other extrinsic
factors.

ATl~XI KL'6 MT ZERO MLS
Chlorine dioxide  C102! proved 100% toxic to adult zebra mussels at all tested treatment
concentrations.  Tables 1 4 lI!

T.4@LE I - MC%8Z QF KIZLGTY ZHZ$ QE CHLOE>~ MQ~ZK
Tg ~!g~ ~xi~  g~P~~.'g  ~AVE ~i~E Tgm - 14 3o~

Treatment Level LT5p LTlpp Time Needed to Achieve
ppm Chlorine  Hours!  Hours! 100% Mortality After
Dioxide Residuals Reaching 50% Mortality

in Hours

~~LE g - ~M~g'g gF gi@2i~ITY ~ITS QF QHLORQ@ DIQ7~E
~AD 'Q J ~BRA $g;l~~  ~A~ ~gg TE]~ 25 80

Treatment Level LT50 LT lpp Time Needed to Achieve
ppm Chlorine  Hours! '  Hours! l00% Mortality After
Dioxide Residuals Reaching 50% Mortality

m Hours

0.50

0.25

Control

24.0 40.0 16.0
40,0 89. 0 49.0

�3.0% �! Mortalities After 89 Hours!

l33

5,0

2.0

1,0

0,5

0.25

Control

41.0

42.0

69.0

92.0

164.0

70.0

78.0

102.0

139. 0

211.0

 No Mortalities after 211.0 Hours!

29,0

36.0

33,0

47.0

47.0



~HAVI ~ Gl ~MS E
Through the duration of these studies, behavioral observations were made in an efFort to
understand the elFects of chlorine dioxide on the adult zebra rnussels tested. Based on
behavioral responses, a correlation can be seen between the intensity of chlorine dioxide
dose levels and zebra mussel behavioral patterns.

�! Treatment levels of 2.0 pptn and 5.0 ppm provided very irritating conditions for the
zebra mussels, The zebra mussels did not have open shell valves through the test period
when exposed to chlorine dioxide. It was apparent that after approximately 48 hours,
during which time the shell valves remained tightly shut for protection G.om toxicant
exposure, the zebra mussels in these experiments were eventuaUy forced to respire to
avoid su8ocation or starvation, Once respiration occurred, death was certain. However,
stronger mussels held on for a longer period of time in the state of intense valve closure,
therefore causing delayed mortality.

�! The experiments treated at 0.25 ppm - 1,0 ppm of chlorine dioxide showed
signiGcantly different behavioral patterns in the specimens tested. Initial contact of
chlorine dioxide again caused mussels to tightly close their valves. After 48 hours some of
the specimens reverted back to a somewhat normal respiratory pattern in which the valves
opened to fi1ter water. An observation was made that not all of the zebra muses at these
treatment levels showed active siphoning, but rather restrictive functioning in activity.
This would seem to indicate that although the zebra mussels observed at these dose levels
showed sensitivity to chlorine dioxide, the severity of this sensitivity was not intolerable
and allowed these rnussels to attempt to resume restrictive respiration.

�! The control groups of zebra mussels often remained with the shell valves open with
the occurrence of Lily extended siphons, engaging in very active respiration. Also notable
is that after 72 hours of testing the control zebra rnussels began to attach to the walls of
the specimen container enc1osure using byssal threads,�! Neither active respiration nor
byssal attachment was observed in the zebra rnussels exposed to chlorine dioxide. The
lack of these activities indicated that zebra tnussels exposed to chlorine dioxide can only
attempt to survive the treated environment, not to accept the conditions of chlorine
dioxide exposure. This could be the direct result of a manifestation of sublethal
impairments induced by exposure to chlorine dioxide,

~iTl Aj 2'illN
In addition to the two Geld trials described, histological evaluations of the expired
specitnens was performed. Cornell University, ithaca, NY performed soft tissue
examinations to determine the actual mechanism of kill exhibited by chlorine dioxide. The
results of these studies indicated that chlorine dioxide is apparently readily absorbed into
the internal tissue structure of exposed adult zebra mussels. Lesions were observed in the
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mussels exposed to a residual as low as 0.25 pprn of chlorine dioxide. Target areas of
chlorine dioxide were the digestive system and respiratory tract where lesions from
moderate to severe were observed. Also a loss of cilia was also observed. As exposure
time elapsed, lesions were also located on the ovaries and testes of the mussels. Also a
correlation can be made in that the severity of the lesions on the soft tissues that were
observed can worsen with increased exposure of chlorine dioxide.

~Dr i~n;g ~ben~I~i  quagga mussel!, was also intermittently tested to determine the efFect
of chlorine dioxide in order to provide quagga mussel toxicity, Although these tests were
limited in frequency and size, results indicated that chlorine dioxide did cause high
mortality rates in the quagga mussel populations when exposed to chlorine dioxide
Therefore this can be used as an indicator which shows chlorine dioxide can cause quagga
mussel mortality under test conditions similar to that of zebra rnussels,

The Qow-through field tests indicated that cMorine dioxide has moHuscicidal properties
against adult zebra mussels. These studies therefore showed the potential of chlorine
dioxide to be an efFective toxicant for the control of raw water systems from macrofouliag
by zebra rnussels. AQ of the tested treattnent rates produced 100% mortality in reasonable
titne intervals, as presented in Tables I and II. The control  untreated! mussels in these
studies were healthy and very active during the test periods indicating that all of the zebra
rnussels used were weH adjusted and suitable for testing,

Due to zebra mussel sensitivity to the presence of chemical oxidants, a lag period usually
was observed between the time of oxidant introduction and the time mortality was first
observed, 9! During this lag time period the zebra mussels tightly close their valves to
avoid exposure to chlorine dioxide, especially at higher treatment concentrations  >1.0
pprn residual chlorine dioxide!.

The results of the studies- completed also showed that with an increase in water
temperature, the contact period required to achieve zebra mussel mortality wiH decrease
due to a reduced lag time with the occurrence of warmer water temperatures.�0! The
mussels seem to be unable to tnaintain prolonged valve closure in warmer water
temperatures due to the necessity of the mussels to respire as to not produce a situation of
either suffocation or starvation within this closed environment,

It is now a commonly known fact that zebra mussels are rapidly colonizing the Great
Lakes and are 4kely to spread throughout North America, therefore, it is important that
chlorine dioxide be tested as a possible eradication agent used to control zebra mussels.  9!
The results of our studies indicate that at warmer water temperatures low concentrations
of chlorine dioxide can provide a toxic environment for zebra tnussels without causing
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serious environmental implications, Finally, moliuscicide applications involving chlorine
dioxide need not involve strategies with the utilization of high dose levels to produce rapid
kills. It would be more advantageous to use the lowest possible treatment level to attain
100 lo mortality, thus reducing the environmental and economic considerations.
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INTRODUCTION

Rochester Gas and Electric  RG&E! has been treating raw water systems
against zebra mussel biofouling within three power stations since the Fall of 1990.
These treatments have utilized both chlorine and bromine compounds, This paper will
discuss �! the results of chlorine treatments, �! the results of Acti-brom treatments
compared to chlorine treatments and, �! the results of generic bromine treatments.
All of the treatment programs included in this paper were conducted by RG&E.

METHODS

Control treatment programs conducted by RG&E were approved by New York
State Department of Environmental Conservation  DEC!. During 1990 DEC
developed a standardized zebra mussel chemical control treatment program utilizing
chlorine, for raw water users possessing a State Pollution Discharge Elimination
System  SPDES! Permit. This program, termed a "Generic Permit Modification",
included the following conditions:

1! continuous chlorination for an 18-day period, with a TRC limitation at
the point of discharge of O.lppm,

2! an interval of 45 days between treatments, and
3! a maximum of four treatments per year.

In addition, treatments for power stations located upon Lake Ontario were restricted to
the May through October time period, as an added precaution to protect the winter
salrnonid fishery in the Lake, Based upon poor zebra mussel mortality rates found in
1991 and 1992, for 1993 DEC approved an extension of the treatment period from 18
to 30 days, and the decrease of the interval between treatments from 45 to 30 days.

Bromine, which is in the same class of chemicals as chlorine  halogens!, has
also been utilized for biofouling control. In additron, it is theoretically more
chemically active than rhlorine in higher pH waters such as Lake Ontario and the
Genesee River  near pH.8!., Due to the low zebra mussel mortality rates found in the
chlonne treatments, Acti-brom, a proprietary bromine compound manufactured by
Nalco Chemical Company, was selected for study at one RG&K station on Lake
Ontario in hopes that a slightly more active compound would increase effectiveness
enough to control zebra mussel biofouling. Acti-brom is a combination product of
sodium bromide and a surfactant penetrant that is activated in situ by chlorine to form
hypobromous acid and hypochlorous acid Finally, "generic" bromine  hereafter
referred to as bromine! was also utilized for one treatment program. This substance is
chemically similar to Acti-brom except that it does not contain the surfactant penetrant
found in Acti-brom. Due to the similar nature of chlorine, Acti-brom and bromine, the
DEC treats these compounds similarly with respect to a generic permit modification.
Thus the treatment applications for Acti-brom and bromine were exactly the same as
that previously utilized for chlorine, i.e,, 18- or 30-days at a concentration of 0.1ppm
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TRO  Total Residual Oxidant, instead of Chlorine!. Monitoring was also conducted in
the same manner as during previous chlorine treatments. This standardization in both
treatment and monitoring allows for a direct comparison between results of all three
chemicals.

During 1991, 1992 and 1993, zebra mussel control treatments have been
conducted at three RGEcE power stations: two located on Lake Ontario and one
located on the Genesee River in Rochester, NY. During 1991 RGkE conducted nine
18-day chlorine treatments while during 1992 six 18-day chlorine and three 18-day
Acti-brom treatments were conducted. In 1993 five 30-day chlorine and one 30-day
Acti-brom treatments were conducted. Along with these treatments, in situ studies of
treatment effectiveness were conducted to quantify results. These studies monitor
effectiveness under actual plant conditions, including normal operational variabilities
 e.g., flow changes, temperature fluctuations, etc.!. By placing monitoring stations at a
number of locations throughout the station  such as intake waters, service water
systems, and discharge effluent streams! and doing this over different seasons, a
number of distinct tests were performed during each treatment and many different
environmental situations were monitored, For example, temperatures ranging from
10'C to 30'C were able to be studied this way.

Monitoring performed consisted of a bio-assay, utilizing bioboxes which
normally contained 100 zebra mussels per test location. Bioboxes were designed as
fiow-through systems receiving sidestrearn water from the water system being studied.
Since trans-locating adult zebra inussels frequently enter the plant water systems, all
studies were performed using adult zebra mussels. This approach will assure mortality
of juvenile or newly settling mussels as well as adults.

CHLORINE STUDY RESULTS

The results of 25 tests utilizing chlorine per the conditions allowed by the
original generic SPDES permit modification for chlorine, i,e, 18-days continuous
chlorination at 0,1ppm TRC. are summarized by average test temperature in Figure 1.
It should be noted that, per the permit, chlorine injection was ended on Day 18, thus
any mortality beyond that time is latent mortality. Also, the number of tests conducted
at each temperature are shown in the parentheses. A substantial difference in efficacy
is shown between the lower temperatures of 10-20'C and the higher temperatures of 25
and 30'C. While mortalities approaching 60% were found at the higher temperatures
�0% of which were latent morta1ities!, less than 10% mortality occurs within the
lower temperature range. Since ainbient water temperatures at these power stations
rarely attains 25'C, the effectiveness of the 18-day generic permit modification is
limited to less thail 10% for virtually all of the power station locations, aside from the
discharge canal itself. Based upon the literature, it was presumed that either an
increase in TRC level or a longer duration of treatment at the O. lppm TRC level
would result in higher mortalities. The DEC was amenable to longer duration



treatment, and therefore the 30-day treatment was established.
The database for the 30-day chlorine treatment evaluations consists of ten tests

conducted during 1993, two at the Genesee River site and a total of eight at the two
Lake Ontario sites. Figure 2, a summary of 30-day chlorine treatment results at 25'C,
exemplifies the wide range of results found in all 30-day tests. A closer look at the
data revealed that the River station tests achieved over 90'/o mortality, while the Lake
station tests were consistently below 104/o, Knowing that lower pH makes chlorine
more effective, this was the first environmental variable to be investigated. River pH
values however, were found to be slightly higher than the Lake during these
treatments, so this could not explain the large difference in mortality rates.
Temperature was then suspected as a factor afFecting results. Figure 3 shows the
results of the two River tests along with the daily temperature ranges which occurred
throughout the treatments. It is apparent that temperatures did not fluctuate by more
than 1'C on any day during the tests. In the Lake however, daily temperature fluctu-
ations of up to 10'C had occurred during the summer, while the average mortality rate
reached only 2.4'/o  Figure 4!. Such extreme temperature fluctuations, caused by
upwellings of the Lake's cold, hypolimnetic waters, can occur quite regularly
throughout the summer, once the Lake is thermally stratified. Previous work had
shown that absolute temperature influenced chlorine effectiveness, now the 1993
results suggest that extreme temperature variations will also reduce chlorine
effectiveness. Overall, these results question the effectiveness of zebra mussel control
using 30-day continual chlorination at 0,1ppm TRC in situations like the Lake Ontario
sites due to the occurrence of these upwellings.

Although all quantitative testing was restricted to adult zebra mussel mortality,
qualitative, yet very important observations, were made of zebra mussel settlement
upon the walls of the biobox holding tanks. It was clearly evident that the control
tank, receiving unchlorinated water, had a number of recently settled zebra mussels
upon its walls, whereas the treated test tanks had no mussels at all attached to the tank
walls. This Anding suggests that even though this treatment program may not be
effective in killing adult zebra mussels, such treatments may be sufFicient to prevent
zebra mussel settlement,

CHLORINE SUMMARY AND CONCI.VSIONS

To conclude the chlorine treatment section of this analysis, the following
concepts summarize the major findings:

1! An 18-day chlorine treatment at O. lppm TRC is generally inefFective in
killing adult zebra mussels within power stations in the Great Lakes'
Region.

2! A 30-day chlorine treatment at O. 1ppm TRC can be effective in killing
adult zebra mussels under conditions of relatively stable water
temperatures of above 20'C.
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3! A 30-day chlorine treatment at O. lppm TRC should effectively control
zebra mussel settlement under normal environmental conditions found in
the Great Lakes' Region.

ACTI-BROM STUDY RESULTS

Figure 5 summarizes Acti-brom results compared to chlorine results for data
collected prior to 1993, lt appears that Acti-brom is relatively consistent at all three
temperatures, and that at the lower water temperatures of 15 and 20'C Acti-brom is
much more effective than chlorine. At 25'C these two chemicals showed generally
similar results, although this observation includes latent mortalities for Acti-broin,
while latent mortalities for chlorine could not be assessed, To confirm the
effectiveness of Acti-broin at lower temperatures the Acti-brom treatment was repeated
during Spring, 1993. This treatment, which was for 30-days, resulted in average mor-
talities of 90%%d, including latent mortality, Figure 6 compares 18-day and 30-day Acti-
brom treatment results at 15'C, as well as showing chlorine results for both treatment
programs at that temperature. It can be seen that even atter 18-days the Spring 1993
Acti-brom results were well ahead of the Fall 1992 Acti-brom mortalities, As
previously discussed, chlorine is not effective at all for killing adult zebra mussels in
this temperature range.

Of particular interest in the Spring 1993 Acti-brom results was a leveling ofF of
the mortality rate during the third week of the treatment  approximateiy Study Days
23-29!. Upon investigation of water temperatures, as shown in Figure 7, this reduction
in mortality rate corresponded perfectly with an upweHing in Lake Ontario that
occurred at that time. It can be speculated that if this temperature drop did not occur,
the final mortality of 90'%%d may have been realized six or seven days earlier. This
finding also shows that temperature has an impact upon Acti-broin effectiveness,
although it does not appear to be as dramatic as teinperature impacts upon chlorine.

ACTI-BROM SUMMARY AND CONCLUSIONS

To conclude the Acti-brom treatment section of this analysis, the following
concepts summarize the major findings:

1! Acti-brom appears to be more consistent in effectiveness than chlorine
when comparing water teinperatures of 15, 20, and 25'C.

2! An Acti-brom 30-day treatment program appears to be effective in
controlling adult zebra mussels.

3! Acti-brorn is more effective at lower water temperatures than chlorine
for controlling adult zebra mussels,

4! Acti-brom effectiveness is reduced by extreme water temperature
fluctuation, although such temperature effects are not as dramatic as
found for chlorine.
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BROMINE STUDY RESULTS

In late Fall, 1993 a 30-day treatment utilizing bromine was conducted,
Bromine was studied for two reasons: �! its use would eliminate any question
concerning the effect and/or the chemical fate of the surfactant contained in Acti-brom,
and �! not being a proprietary chemical, it inay be more widely available, thus
possibly leading to reduced costs.

Figure 8 shows the results of the bromine testing. Although mortalities of less
than 10% are not encouraging, it is important to note that when these studies got
underway the water temperatures were steadily declining throughout the study period
and averaged only 10 - ITC for the 30-day treatment. Previous temperature
experiences suggest that no conrlusions can be drawn at this time concerning the
effectiveness of bromine, however it can be stated that the temperature regime studied
in this case was outside of what would be considered a normal treatment situation.

Further tests utilizing bromine are currently scheduled for Spring, 1994.

FINAL CONCLUSIONS

A few final conclusions concerning these treatment programs are worth noting:
1! Treatment programs utilizing O. lppm TRO for controlling adult zebra

mussels border on the lower boundary of effectiveness. While it
appears as though such treatments can be successful, subtle changes in
environmental variables can cause marginal to poor results.

2! Temperature plays a very complex role in the effectiveness of these
chemicals to kill zebra inussels. Temperature will effect chemical
reactivity rates, zebra mussels' metabolic rates and biochemical rates.

3! Bromine chemistry  i.e., Acti-brom and bromine! provides more
flexibility than chlorine for control of adult zebra mussels. This is
because bromine appears to be more effective at the lower temperature
ranges typically found at Great Lakes' facilities.

4! The 30-day continuous chlorine treatment does appear to be effective
for control of zebra.mussel settlement. Such control may be sufficient
for facilities not subject to large influxes of trans-locating adult zebra
mussels,
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unprotected steel structures under the influence of biofouling can increase 4 times,
and the structure of concrete can also be changed. Following a sharp decrease of the
water level in reservoirs mass die-offs of mussels can occur, leading to a deterioration
of water quality and the appearance of strong odors.

Numerous studies have been devoted to Dreissena's biology and methods of
preventing biofouling. I propose a general strategy to deal with Dreissena fouling in
hydrotechnical constructions  Table 1!.

An example of such a strategy can be found in works carried out during the
construction of water transport pipelines from the newly-built Krasnopavlovskoye
reservoir in the canal Dnieper-Donbass  Table 2! to the City of Charkov, and the
construction of pipelines for water-use in small settlements on the Dneister River.

It was known that in Dnieperdzerzhinskoye reservoir, leading to the Dnieper-
Donbass Canal, and in the canal itself, significant populations of D. bugensis and D.
polymorpha existed. Experts predicted that Dreissena would colonize all hard
substrates in Krasnopavlovskoye Reservoir. Mollusk densities were anticipated to
reach 100,000/m; the biomass was expected to reach 2000 g/m . Serious pipeline
fouLing was expected.

Data on reproductive timing, veliger dynamics, and growth rates obtained in
similar water bodies were applied to this situation. In this reservoir Dreissena's
reproduction was expected to take place within the time period of April-October and
within a temperature range of 12-23'C  Table 3!. Expected veliger dynamics  with
three peaks! and growth rates of newly settled mussels were expected to correspond to
growth curves shown in Figures 1 and 2.

Studies of pipeline technical characteristics and water properties allowed us to
make recommendations. These included constructing water intakes at a depth of 12-
15 m, where Dreissena larvae are less abundant. %'e recommended that initial water
chlorination levels range from 4-6 mg/1, so that the output water chlorination level
would not be less than 0,5 mg/l. On the basis of biological and technical parameters
chemical control programs must be implemented annually in June, August and
October for 7-8 days.

These recommendations were included in the technical project design. Water
pipelines were completed in 1988-1989, and fouling has not been observed,

For solving the problem of water intake protection in the Dniester River
periodic chlorination was recommended, but the pipeline water purification system
required technological modification. In that case chlorination of the water pipeline
should not be conducted more than 2 times a year using a significantly larger dose of
chlorine �0-17 mg/1! to reach the final concentration of 5 mg/1 when the water gets
to the water treatment plant. In this case the pipeline treatment has to occur over a
24-hour period The use of mobile chlorinators has been recommended.

Another problem is the removal of accuinulated masses of fouled Dreissena.
During the 1960s and 1970s in the Ukraine a large network of underground irrigation
pipelines was built without any protection from biofouling. As a result unpredictable
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fouling has occurred, decreasing the water-carrying capacity of these systems, and
leading to the blockage of irrigation devices.

Several control methods were unacceptable due to the toxicity of many
ingredients to soil and agricultural crops. In addition, during the irrigation season it
was impossible to turn off separate plots. Therefore an immediate need developed for
controlling Dreissena in irrigation systems. Such a method needed to remove
Dreissena without being toxic to the plants, without breaking the regime of irrigation
for agricultural crops, and it had to be available for organizations serving irrigation
systems.

In laboratory conditions the toxic action of different solutions of mineral
fertilizers on Dreissena was tested. Finally, ammonia nitrate in a concentration of
300-600 mg/I was selected as an effective control method. This method of Dreissena
control in irrigation systems has been patented. In Table 4 data from experimental
systems, using this new control method, is shown. At the present time this technique
is widely applied in Ukraine irrigation systems. Controlling Dreissena's fouling in
water systems, if not planned for ahead of time, presents many difficulties and
requires additional expenses. Therefore, it is important to develop predictive
techniques and practical control recommendations at the planning stage of
hydrotechnical constructions.
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Table 3. Dreissena reproduction periods in vater-bodies.

+ = single; + = mass; � = absent
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Since 1986, when zebra mussels  Dreissena potymorpha! were first found in Lake
St. Clair, they have colonized all of Lake Erie and spread to adjacent waters, Most
larvae are born in July and August and settle in August and September, usually
becoming reproductive adults the following year  Mackie, 1991!. During the
transition from a pelagic to a benthic habitat, Dreissena suffers a high mortality rate
 Lewandowsky, 1983!. Presumably, the physiological stress of this metainorphosis
increases the organism's sensitivity to environmental stress. When the postveliger
larvae settle, they secrete strong byssal threads which firmly attach the mussels to the
substrate. If they settle in a suboptirnal area, juvenile rnussels can use their byssal
threads as a means to climb over objects and as a means to drift. Although more
sessile, adults can also dissolve old threads and use new ones to assist their movement
 Griffiths et al., 1991!. Thus, even settled mussels can leave an area that has become
less hospitable.

In response to the increasing fouling problem caused by D. polymorpha, various
methods of control have been attempted with limited success, The critical point. of
preventative control is the settling stage of the planktoruc larvae. Once settled, the
mussels are difficult and expensive to remove from intake pipes and other structures.
Prevention of settling would be the easiest and most cost-effective mechanism to
remediate zebra mussel fouling problems.

A possible control method, which has shown promise in our recent studies, is
exposure of the larvae to ultraviolet radiation. We have determined that broad
spectrum ultraviolet radiation, consisting of UV-B �80-320 nm! wavelengths and
some of the longer UV-C    280 nm! wavelengths, has a major negative impact
upon movement and survival of D. polymorpha.

Biological Effectiveness of Ultraviolet Radiation

Concern over depletion of the earth's ozone layer has resulted in a great deal of
information being gathered on the effects of UV-B radiation upon aquatic organisms,
especially planktonic species. There is increasing evidence that naturally occurring
UV-B is an important limiting ecological factor in zooplankton habitats. In particular,
zooplankton exposed to UV-B typically show changes in movement patterns and/or
physiological functions. Young larval stages are most susceptible to this type of
radiation.

There is an inverse relationship between water transmissibility and biological
effectiveness of ultraviolet radiation. UV-A �20-400 nm! is transmitted through
water the most effectively, but is generally not associated with direct damage to
biological systems. UV-B is also water-transmissible and has negative effects on
aquatic organisms  reviewed in Hader er aL, 1989!. Both UV-B and UV-C are lethal
to living cells, as these wavelengths are absorbed by proteins and nucleic acids Although

1 62



UV-C is more biologically active, it is also absorbed more completely by water and
is therefore not a realistic method of control by itself  since it has little effect on
aquatic organisms not in the immediate proximity of the source!. Conversely, UV-B
can penetrate through several meters of water but requires longer exposures to be
effective. Broad spectrum ultraviolet, consisting of UV-B wavelengths and the longer
UV-C wavelengths  near 280 nm!, would theoretically have a major negative impact
upon aquatic organisms due to the combination of high biological activity and good
water transmittance.

Previous Studies with Ultraviolet Radiation

Ultraviolet radiation is proposed as a possible method of zebra mussel contxol, as
previous studies in natural systems have found UV-B to be lethal to a variety of
aquatic organisms. With few exceptions  Chalker-Scott, 1994!, exposure to increased
levels of UV-B results in increased mortality of plankton  Hader er aL, 1989; Scott,
1982; Worrest er al., 1981!. UV-B tolerant organisms often are highly pigmented
 Chalker-Scott, 1994; Hader er al., 1989!, which is not true of D. polymorpha
veligers. In a natural habitat, Dreissena larvae and other planktonic organisms could
escape harmful radiation by changing their position in the water column. In a
restricted area  such as a water intake pipe!, however, escape from artificially-
supplied ultraviolet radiation would be unlikely.

UV exposure has proven 100% effective in preventing settlement of barnacle and
other larvae on transparent pipes in salt water systems  Plotner, 1968!. As mentioned
previously, the process of settling has a high mortality cost associated with it. This
factor could be exploited by increasing environmental stress  i.e. adding ultraviolet
radiation! and thereby killing or repelling the sensitive settling stages. In a biofouling
study of marine Chrhamalus larvae, mortality rates associated with ecdysis
 metamorphosis! were increased following UV exposure  Hori er ai., 1990!.

UV radiation is probably even more biologically effective in fresh water, where
concentrations of dissolved UV-absorbing minerals are less. We have tested
Dreissena polymorpha for its sensitivity to UV-B in the laboratory; like other most
other planktonic species, the larvae are not resistant to this radiation  Chalker-Scott er
al., 1993!. We also observed that larvae stop moving for a period of time after
exposure to sublethal doses of UV-B. This observation suggested that prevention of
accumulation of zebra mussels within restricted areas could be accomplished by one
of at least two methods:

1! Supplying enough UV radiation to kill any juvenile zebra mussels which
settle in or pass through the irradiated region; and/or

2! "Stunning" the larvae with enough UV radiation to inhibit movement and
settlement, thereby allowing larvae to be swept through the area of interest.
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Although veliger larvae of D. polymorpha are sensitive to low dosages of mid-
range ultraviolet  UV-B!, adults can survive radiation levels far above those that are
lethal to the larvae  Chalker-Scott et al., 1993!. By virtue of their opaque sheHs, the
adults are resistant to UV radiation; however, they inust open their shells to feed and
thus expose more sensitive tissues to environmental conditions  i.e. ultraviolet
radiation!. Presumably, irradiated adults are killed either by accumulating lethal
doses of UV during feeding, or by starvation if they remain shut.

A major problem associated with our previous UV-B experiments was the use of
low pressure mercury fluorescent bulbs as the radiation source. These bulbs are low
wattage and therefore require relatively long exposure times to have significant effects
on Dreissena mortality  Chalker-Scott er al., 1993!, This is a good system for
decreasing the settling of rnussels on specific surfaces, and for increasing avoidance
behavior of particular areas, but is not satisfactory for situations requiring
sterilization: in other words, 100% mortality. Only by using these bulbs in multi-
arrays  as is currently being done by some companies! can biologically effective
dosages be obtained in a practical setting, but the size and expense of the unit can be
prohibitive in many instances.

In this paper, we establish the success of broad spectrum ultraviolet in killing all
life stages of Dreissena polyp~ha in the lab. Theoretically, UV treatment could kill
all planktonic life given adequate exposure times.

During the summer months of 1993, we collected all life stages of D. polyrnorpha
from Lake Erie. Veligers, post-veligers and young adults were found in the water
column and were captured using a 135 y mesh plankton net. Adults were collected
from the waHs surrounding the Black Rock locks in Buffalo, New York. A1l mussels
were placed in aerated glass aquaria and briefly acclimated �4 hours! to laboratory
conditions under natural temperature �0'C! and day length �4 hr light/10 hr dark!
conditions, and supplied with natural phytoplankton cultures.

Adult Susceptibility to Ultraviolet Radiation

Following acclimation, groups of 10 adult mussels of similar size  approximately
4 cm! were placed in a 1000 ml graduated cylinder filled with filtered lakewater. The
depths of air and water separating the mussels from the source were approximately 90
and 37 cm, respectively. The cylinder was placed into a test chainber, and mussels
were exposed for various times to unfiltered UV radiation via a 500 watt xenon arc
lamp  Photon Technologies!. The fluence rate measured at the water surface with a
spectroradiometer  Model IL-790, International Light, Inc.! was 8,180 pW cm '.
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Mussels were removed after radiation treatment and held in aerated culture dishes
with fresh filtered lake water for one week to determine percent mortality.

Determination of Ultraviolet Exposure Time for Juveniles

Following acclimation, sets of ten veligers were transferred to small petri dishes
containing 10 rnl filtered lake water and placed on a turntable in the test chamber.
Dishes were covered with either Mylar  control! or cellulose acetate  partial UV!
filters, or left uncovered. Tests were performed at two different distances from the
source �8 and 102 cm! for varying time periods  l-5 minutes and 5-20 minutes
respectively!. UV radiation was delivered using the 500 watt xenon arc lamp
described previously. Fluence rates for all treatments were as follows:

Fluence rates QW cm '!

28

212

1, l60

Mylar 245
Cellulose acetate 1,867
Unfiltered 10,225

Following exposure, the dishes were returned to acclimation conditions for 24
hours. Individuals were then examined under the dissection scope and percent
mortality was determined.

Effect of Ultraviolet Radiation on Larval Behavior
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Following acclimation, sets of ten planktonic individuals  veligers, post-veligers,
and young adults! were transferred to small petri dishes containing 10 ml filtered lake
water and placed under a dissection scope. After rnussels began their normal
swimming or crawling movements, they were exposed to brief intervals �-5 seconds!
of UV radiation using the 500 watt xenon arc lamp described previously.
Wavelengths were controlled using a variety of filters: Mylar  visible and UV-A!,
cellulose acetate  visible, UV-A arid some UV-B!, Acrylite OP-4  visible, UV-A,
UV-B and some UV-C!, or no filter  visible, UV-A, UV-B, and UV-C!  Figure 1!.
Respective fluence rates under these filters were 120, 915, 3,210, and 5,010
pW cm'. During UV exposure and post-treatment, individuals were filmed with a
video camera. attached to the dissection scope ocular tube. After exposure, the
individuals were visually monitored under the scope for 20 ininutes to determine
changes in behavior.



Effect of Ultraviolet Radiation on Larval Mortality

Following the 20 minute observation interval, the exposed individuals were
allowed to incubate for 24 hours under acclimation conditions. Individuals were
examined under the dissection scope and percent mortality was deterinined.

Adult Susceptibility to Ultraviolet Radiation

In contrast to our previous studies  Chalker-Scott er aL, 1993!, adult zebra
rnussels were killed in a matter of hours rather than weeks  Figure 2!. Radiation was
attenuated through the water column, meaning that the exposure to the rnussels was
somewhat less. During exposure, mussels remained closed, presumably to avoid
radiation damage to the soft tissues. While the opaque sheHs may have afforded some
protection, enough radiation reached soft tissues to allow lethal damage to accumulate
internaHy.

Determination of Ultraviolet Exposure Time for Juveniles

Vehger larvae exposed to unfiltered, broad spectrum ultraviolet radiation were
uniformly killed after a few minutes of exposure  Figures 3 and 4!. The lowest dose
received under these conditions was 0.35 J- cm'. In contrast, doses as high as 0.56
J - cm ' under ceHulose acetate filters were not as effective, as only a 60-70%
mortality rate was found. Presumably, veligers under cellulose acetate filters were
more protected, as no UV-C and little UV-B is transmitted; mortality increased with
decreased distance from the radiation source  compare Figures 3 and 4!. Veligers
under Mylar filters were least affected by exposure  Figure 3!, receiving only a
maximum of 0.074 J - cm '. Some mortality was present �0-20%!, especially at
closer proximity to the source  Figure 4!.

Effect of Ultraviolet Radiation on Larval Behavior

Video tapes were analyzed to relate exposure time with behavioral changes  such
as immobility!. In previous work, behavior of barnacle larvae  rate and pattern of
beating by appendages! was used to assess UV radiation damage  Hori er al, 1990!.
Such inforination can be used in conjunction with flow rates to determine ultraviolet
dosages needed to prevent larvae from settling and allow thein to exit the area of
interest.

Without exception, veligers exposed for as little as one second to unfiltered VV or
under the Acrylite OP-4 filter immediately ceased aH swiinming inovements.
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Although internal movements were still apparent, swimming movements did not
resume even after 20 minutes of observation. The cessation of swimming was less
consistent in those larvae protected by the cellulose acetate filter; although roost
exposed larvae would initially close their velums, many would resume movement
within 5-10 minutes. Those that did resume swimming, however, often exhibited
unusual behaviors  e.g. erratic jerks, swimming in circles! that had not been noticed
previous to exposure. This would suggest that some damage had been imparted by
the ultraviolet radiation  Hori er al, 1990!. The moveinent of veligers under Mylar
filters was unaffected by even longer exposures � seconds! of ultraviolet; this is
important to note as it suggests that high intensity visible light does not inhibit veliger
larvae.

Similar inhibition of movement was seen with post-veliger larvae exposed to 1-5
seconds of unfiltered UV or under the Acrylite OP-4 filter; the initial crawling motion
would cease as the foot was retracted. Again internal movements were still apparent,
but crawling did not resume even after 20 minutes of observation. Like the veliger
larvae, the inovements of post-veligers were less affected by the radiation passing
through the cellulose acetate filter, and were uninterrupted by the radiation passing
through the Mylar filter.

Young adults found in the plankton tows were also subjected to these same
conditions. They appeared to be less affected by the radiation, usuaHy withdrawing
their foot but then resuming movement shortly after exposure ceased. These mussels,
although small, already had an opaque shell and were presumably more protected
from acute levels of ultraviolet radiation.

Effect of Ultraviolet Radiation on Larval Mortality

We were dissatisfied with our preliminary analysis of cellulose acetate as a UV-B
transmitting filter  Figure 1!. This was emphasized by the results found during our
determination of exposure time. Transmittance of UV-B and longer wavelengths of
UV-C was greatly increased using the Acrylite OP-4 filter  Figure 1!. Radiation in
the vicinity of 280 nrn is particularly effective as this is the region where proteins
absorb maximally. The UV-B radiation which transmits through the OP-4 filter is
approximately 80% of that found in unfiltered conditions  Figure 5!. In contrast,
ceHulose acetate and Mylar respectively transmit only 24% and 3% of the available
UV-B radiation  Figure 5!.

The amount of UV-C present does not seem to be as critical as the amount of UV-
B in determining mortality rates; this is probably due to the poor transmittance of
short wavelengths through water. The OP-4 filter only transmits 14% of the available
UV-C  Figure 5!, yet it is nearly as effective in killing the veligers as the unfiltered
lamp  Figure 6!.  It should be noted that although only a 90% mortality rate was
found under the Acrylite OP-4 filter 24 hours post-exposure, 100% mortality was
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found 24 hours later! Cellulose acetate is much less effective as we generally
obtained a mortality of about 20%  Figure 6!.

As we had previously reported  Chalker-Scott er al., 1993!, the older life stages of
D. polymorpha are more resistant to acute dosages of ultraviolet radiation as their
shells absorb much of these wavelengths. Veliger and post-veliger larvae were
uniformly killed following a brief  S second! exposure to ultraviolet radiation filtered
through the OP-4 plastic, but young adults were unaffected  Figure 7!. Longer
exposure times, however, will result in the death of even mature adults  Figure 1!.

Carzlzlt!m

Results obtained using various filters suggest that UV-B and longer wavelength
UV-C radiation are the most effective wavelengths for killing D. polyrrro~ha.
Shorter wavelength UV-C, while undoubtedly biologically harmful, is too strongly
absorbed by water to be of practical use. Lamps which emit a high percentage of
energy between 280-320 nm should be the most effective in zebra mussel control.
With high energy lamps, such as the one used in the current study, relatively short
periods of exposure are required for killing all life stages of mussels, as opposed to
the lower energy fluorescent bulbs previously used.

The use of ultraviolet radiation as a contxol for zebra mussel settlement is
potentially superior to chemical control methods because it is non-polluting. It does
not affect any of the biogeochemical cycles which are critical to the health of any
ecosystem. It is not labor intensive to operate and after installation would require
only routine maintenance. Most of the costs associated with such a unit would be iri
the initial purchase and installation, then occasional replacement of the UV source.
Human health risks are minimized by the use of protective goggles, clothing, and
sunscreen for those who would contact the unit  i.e. installation and maintenance
personnel!. Finally, its practicality is high as ultraviolet radiation is deadly to ail life
forms and would therefore. have ubiquitous, lethal effects on all planktonic species.
We would anticipate complete success in preventing zebra mussel fouling in any
aquatic area  e.g. holding tanks or intake pipes! that does not allow Dreissena to
escape environmental stress.
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Figurc l. Broad-band UV spectrum of the 500 watt xenon arc lamp under filtered or
unfiltered conditions.
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Figure 2. Percent mortality of adult D. polymorpha one week after exposure to broad
spectrum UV radiation. Mussels were exposed for 0, 4, or 12 hours. Total
radiation doses at the water surface during the 4 and 12 hour exposures were
118 and 354 I-cm', respectively.
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Figure 3. Percent mortality of D. polymorpha vehgers 24 hours after exposure to
UV-A  Mylar!, UV-A + UV-B  cellulose acetate!, or broad spectrum
 unfiltered! UV radiation. Veligers were located l02 crn below the radiation
source.  Total doses were calculated using the fluence rates found under each
filter, multiplied by total seconds of exposure.!
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Figure 4. Percent mortality of D. polymo~ha veligers 24 hours after exposure to
UV-A  Mylar!, UV-A + UV-B  cellulose acetate!, or broad spectrum
 unfiltered! UV radiation. Veligers were located 18 cm below the radiation
source.  Total doses were calculated using the fluence rates found under each
filter, multiplied by total seconds of exposure.!
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Figure 6, Percent mortality of D. polymogrha veligers 24 hours after exposure to
UV-A  Mylar!, UV-A + some UV-B  cellulose acetate!, UV-A, UV-B, and
some UV-C  Acrylite OP4! or broad spectrum  unfiltered! UV radiation.
Total fluences were 600, 4,600, 16,000, and 25,000 pJ cm ', respectively.
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adults 24 hours after exposure to UV-A  Mylar! or UV-A, UV-B, and some
UV-C  Acrylite OP-4!. Young adults showed no mortality under either
condition. Total fluences were 600 and 16,000 pJ cm ', respectively.
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ABSTRACT

The presence of matter in suspension form in the free water is becoming a major
problem for installations withdrawing water from water bodies such as lakes, seas,
and oceans.

The problein is growing fast as the demand for clean water is steadily increasing.
Many remedial systems have been used such as extending intakes far offshore to
subturbulent suspended matter-free depths or by constructing involved screening
systems onshore which require skilled personnel for operation and maintenance.
Elaborate pretreatment systems and filtration networks are employed in the fast
growing reverse osmosis industry. To keep clean raw water Rowing, some highly
automated systems have been used. These require highly skilled personnel to operate
and maintain them.

This paper presents a new concept for a filtration system with a uniquely engineered
filter bed to keep zebra mussels, seaweed, and larvae from entraining into raw water
systems.
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INTRODUCTION

The increase of electrical energy consumption and the need for fresh water from the
sea require newer, larger, and more efficient desalination and power plants. To fulfill
the latter condition, these plants must have constant supply of water. To keep a
constant uninterrupted supply of water, a suitable water body must exist in the
vicinity of the plant site and a highly reliable water intake system must be
constructed.

In this paper, withdrawal of clear and almost sediment-zebra mussel-seaweed-and
larvae-free water from the sea is discussed.

Because of the growing costs of operation and maintenance of conventional seawater
intake systems, which range froin simple unreliable low availability onshore intake
systems to advanced, sophisticated, complex systems that require high capital and
running costs and skilled personnel for their operation and maintenance, simpler low-
maintenance intake is required.

The quality of the water withdrawn from the sea is dictated by the purpose for which
it is used. The quahty is determined by the characteristics of the water body which in
turn are determined by the geo-environmental state of the area in question.

Designers of intake systeins face problems raging from seaweeds and algae, to fish
and shells, other organisms and suspended matter.

The disposal of phosphate and nitrate pollutants from sea and land-based sources
contributes to the rapid expansion of seaweed infested areas. Finding a proper site
for instaHing an intake system is becoming a major task, Locating a suitable site near
a certain location, keeping the costs within feasible limits, and providing high
reliabiTity with maximum availability have made the design of an intake system a very
difficult job.

TWE SOLUTION

La Rbesch Limited has gone a long way in seawater system development. La Rbesch
holds three patents in the subject so far, and two more are being researched and
developed.

Design of an inexpensive, yet reliable onshore seawater intake system is the subject of
this paper. It covers the analysis, design, and stability of a filtration intake system
concealed fmn wave action under the sea bed by a few centimeters of site sand 5 to
l0 meters into the sea from the shoreline.
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The system is designed to deliver constant and steady supply of clean water all year
round and around the clock, free of suspended matter, and sufficient to run any
system capacity. The system performance improves with stormy conditions, and the
flow rate increases when the waves are violently breaking on the beach.

The system is maintenance free and requires no backwash, cleaning, treatment,
scrapping, replacement, rechanging, or rehabilitation. It is expendable without the
need of system shutdown.

The systems require no settling basin since there is nothing to settle in the first place
except for an equalizing pool where the pump intake pipes are placed and where the
outlet of the intake system is located. A cement asbestos or fiberglass, 1-meter-
diameter pipe section is sufficient for housing the filter bed outlet and the pump
suction pipe inlet.

Artificial filter intakes have been considered for sometime, but applications and
experiences are limited. The studies that have been done before dealt with small
capacity intakes using relatively clean waters with minimal wave disturbance;
backwashing was usually an integral part of these intakes. The maximum capacities
obtained by these systems usually did not exceed 3 m'/sec. This is adequate for
cooling only 60 MV capacity electric power plant.

The intake system described herein is different in many ways from the types that have
been studied or constructed before. This system utilizes the very natural forces that
conventional intakes are protected from and uses gravity as the only f1ow-driving
force. It makes use of the site resources in building the filtration system.

HYDRAULlC CONSIDERATION

Friction losses through the filtration systems are the major limiting factor in their
design and usually backwashing is activated at certain minimum flow rates. If high
flow rates are required, larger filter area must be made available.

But this new system requires no backwash. It utilizes special non-biodegradable,
physically and chemically stable materials with high porosity and low friction losses.
The filtration system is made in modular form to facilitate transportation and
construction.

Model studies were conducted in two sites: one in the southern coast of the
Mediterranean, in Tripoli, Libya, in an area infested with seaweeds; the other site is
in Ajman, the United Arab Ernirates, on the Arabian Gulf, where shallow water
prevails and high concentrations of silt and algae are present.
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The soil analysis of first and second sites showed that the soil D~ are 0.42 mm and
0 23 rnm, respectively.

The system can be custom-designed for each site, Upon soil analysis of a certain
prospective site, a filter system can be designed, and the filtration area can be
decided. The filter modules are criticaHy spaced in a hydraulically tuned form that
maximizes the flow rate, eliminates filter clogging, and minimizes the required
filtration area.

Table 1 and Figures 1 and 2 give an indication of the required filter area for each
required flow rate. The combined hydraulic conductivities are 0.00275 m/s for the
Southern Mediterranean site, and 0.00133 m/s for the Arabian Gulf site.

ECONOMlC ASPECTS

The costs of the system are almost limited to the initial costs of materials and labor
since there are not running costs or maintenance and operation costs associated with
this intake system.

The initial costs are estimated to be less than 30 percent of the costs of conventional
intakes for major reverse osmosis and electric po~er plants, i.e., capacity over
10,000 m'/d or 6 MW, respectively. For smaller capacity plants, the costs are inuch
less.

This system is specifically suitable for reverse osmosis plants. It provides filtered
water low in SDI and free of any suspended matter. This raw water quality
eliinmates or drastically ininimizes the need for coagulation, flocculation, and
filtration at the pretreatment stage of the reverse osmosis plant, thus cutting back
chemical consumption. This also minimizes the need for large buffer tanks since
small or no iesidence time is required.

This system also contributes to the reduction of operation and maintenance costs of
electric power plants since it delivers clean water free of eroding materials such as
sand which has a devastating effect on pumps and heat exchanger tubes. Biological
fouling is also kept to a minimum since miruinal quantities, or none at aH, of
microorganisms reach the cooling system.

The savings made by the lower costs of operation and maintenance of reverse osmosis
and power plants were estimated to pay off the initial systein costs in a period of 2 to
5 years after commissioning  see Figures 3, 4, and 5!.
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Table I

Required Filtration Area to Provide Sufficient Flow
to Run Electric and RO Plants of Various Capacities

in Both Sites in the Southern Mediterranean and in the Arabian Gulf

RO Plant

Capacity,
~3/

Site 1, Tripoli Site 2, Ajrnan
Power Phot Flow Rate

Q~~@~ /~re' ~xB~ ~m* LxB" m

184

0.1

0.5

1.0

2 5
7

10

15
20
25

30
40

50
70

100

175

200
225
250
275

300
325
350
375
400
425

100

500

1,000
2,000
5,000
7,000

10,000
15,000
20,000
25,000
30,000
40,000
50,000
70,000

100,000
170,000

and
over

0.004
0.019

0.039
0.077
0.193
0.270

0.386

0.578
0,772
0.964

1.16

1.54

1.93
2.70

3.86

6.5

7 8
9

10

ll

12

13

14

15

16
17

0.18
0.9

1.8
3.5

9
12

17

26

35
43

52
69

87
122

174

293
315
360

450

500
540

585

630
675
720

765

3xl

3xl

3xl

3x2

3x3
3x4

3x6

3x9
6x6
6x7

6x8.6
6x12
6x14
6x18

6x28
9x22

9x35

12x30
12x33

12x38
15x42

15x36
15x39
15x42
15x45

15x48
15x51

5

18

37

72

180
254

360

543
725
906

1,090
1,450
1,815
2,540
3,630
6,100
6,500
7,500
8,400
9,400

10,300
11,300
12,200
13,200
14,100
15,000
16,000

3x2

3x6
3x12
6x12

6x30
7x28

12x30

15x36
16x48
18x50
21x52

24x60
27x67
33x77

36x100
42x145

45x146
52x144
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INTRODUCTION

Currently, it is fairly routine to prevent fouling by zebra musseis in water
intake or distribution systems with biocides. However, hiocides cannot be used to
protect external structures, such as intake cribs, because their use becomes an
environmental hazard outside water intake systems.

Electricity may represent one alternative for some utilities. Some work has
already been conducted to determine the effectiveness of high voltage potentials for
killing the free-swimmiag larval stage  veiiger! of zebra musseis. Although feasible,
the technology is expensive. However, for water iatake systems where biocides are
currently being used to protect the water pipeliaes or distribution systems, it is not
necessary to kill veliger larvae but- merely to prevent settlement. As such, it may be
feasible to use low voltage potentials for this purpose, but little work has been
conducted with this objective ia mind.

Recently, Smythe et al. �991! tested the utility of low-voltage electrical fieMs
for preventing settlement of veiiger larvae. No attempt was made to induce
mortality. The use of direct current resulted ia increased settlemeat and attachment
of post-veiigers. Alternating current is known to cause greater physiological damage
ia fish than direct current  Vibert, 1967!. Hence, alternating curreat may be more
useful than direct current for preveatiag settlement of zebra mussels.

This paper describes a series of experimeats designed to determine if
attachment of adult mussels can be prevented using continuous low-voltage
alternating current. Effects of low-voltage alternating current on mortality of adult
musseis is also be described. The benefits of using adult musseis are: �! it is
possible to conduct studies ia the laboratory and obtain quicker feedback from
experiments; and, �! they are larger allowing behavioral responses to be observed
with less difficulty than with veliger larvae. It is uncertain whether the voltage
potentials which prevent attachment and induce mortality in adults will be applicable
to veiiger larvae because of the size differences. Larger fish are more sensitive to
voltage potentials than smaller fish because of a greater surface area  Vibert, 1967!.
As such, the potentials that prevent attachment and induce mortality of adults may
be much lower than those needed for veliger larvae. However, microscopic
observation of the veiigers ia the presence of low-voltage currents indicates severe
spasmodic movement that may result in the inability of veligers to attach. The data
presented will still be relevant for control purposes because if veligers do attach and
grow on the protected surfaces, they will at some point attain the size at which the
voltage potentials have significant effects on mortality.
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OBJECTIVES

The specific objectives of this study were to:

1! determine the effect of low voltage potentials  A-C! on mortality of adult
zebra mussels and the potentials required to prevent attachment.

2! test the relative efficacies of different configurations for preventing mussel
attachment at low voltages.

3! determine the effect of temperature on low voltage potentials  A-C! for
preventing attachment by adult zebra mussels on plates and rods.

4! determine if low volatge potentials could be used to detach adult mussels
from steel plates.

MATERIALS AND METHODS

VOLTAGES REQUIRED TO INDUCE MORTALITY AND PREVENT ATTACHMENT

In order to address Obective 1 preliminary testing with steel probes was used
to provide an estimate of the voltage potential at which ail adult zebra rnussels
responded. Valve closure was used as the response because it was assumed that
when critical voltage potentials were reached, individuals would close involuntarily.
This is the same principle used tor eiectroshocking fish  Vibert, 1967}. The
preliminary work showed that all zebra mussels would close when exposed to voltage
potentials ! 10 volts in'. As such, all experiments were conducted at voltage
potentials less than 10 volts in'. Volts inch' is defined here as the voltage
potential existing between adjacent conductors divided by the separation of the
conductors in inches.

For determining the minimum voltages for preventing attachment or inducing
mortality of adult mussels. the physical experimental designs were similar and are
schematically shown in Fig. 1. A-C voltage potentials were applied to four steel rods
each separated by 5 crn � in! in 60-L aquaria. Between each pair of rods, a grid
pattern of 234-cm �-in! intervals was marked on the bottom so that the position of
the adults could be recorded, as weil as any movement over time. Aquaria were
filled with 4 L of water  total hardness of 135 mg/L as CaCO,! giving a depth of 2.4
cm. The rods were made of threaded galvanized steel rods, 0.63-cm �25-in! diam
Oo and 432 crn �7 in! long and were glued to the bottom of the aquarium with
silicone. Tanks were aerated to maintain dissolved oxygen saturation at room
temperature �0 C!. The terminals from each tank were connected in parallel to a
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Figure l. Schematic diagram of experimental design.



120 v A-C variable power supply,
To determine the minimum voltage needed for preventing attachment and for

inducing mortality of adults, groups of 10 adult mussels were exposed to one of a
series of voltages between 0 and 8 volts in'  Fig. 4!. For assessing effects on
attachment, groups of mussels were exposed to the test voltage potentials for a 2-h
period because preliminary work suggested that attachment of most adults occurred
within the first 2 h.

To examine the effects of voltage potential on mortality, adults were exposed
to the voltage potentials for ten days with mortality checks every 24 hours. Adult
rnussels averaged 7.7 nun �.5-9.5! in shell length and were placed in the aquarium
between rods as indicated in Fig. l.

EFFECTS OF TEMPERATURE ON MUSSEL ATY'ACHMENT AT LOW-VOLTAGES

In order to address Objectives 2 and 3, a jet pump was installed to supply
water to four wooden aquaria and a plexiglass biobox by means ot a 2.54-cm � in!
I.D. diam pressure hose with a foot valve at the inflow end. A 234-cm diam hose
was attached to the discharge side of the pump and a T-fitting was inserted in order
to supply water to the 75-L biobox and the wooden aquaria. The biobox was used
to monitor settlement of mussels on a weekly basis. However, weekly analyses
showed that no settlement occurred throughout the study period  August to
December!.

The wooden aquaria were made of 1.90-cm �.75-in! thick plywood. Two of
the aquaria held 70 L of water each and had inside dimensions of about 45.7 cm
wide x 66.2 cm long by 25.4 crn high �8 in x 26 in x 10 in!. Each contained 8
stainless steel rods �.6 cm diam x 60 crn l.ong!, One aquarium was used as a control
without electric current and the other with electric current. The remaining two
aquaria held approximately 50 L of water and had inside dimensions of about 40.6
cm wide x 66.2 cm long x-25.4 cm high �6 in x 26 in x 10 in!. Each contained 12
steel plates with dimensions of 0.6 cm thick x 15 cm long x 11.5 cm high �25 in x
6 in x 4.5 in!, but one was used as a control without electric current and the other
was electrified. All tests were carried out in a trailer at the Canada Centre for

Inland Waters using water from Hamilton Harbour.
Four trials were carried out, each trial at a different potential and

temperature. After each trial � to 6 weeks duration!, the aquaria were scrubbed
cleaned and new mussels were placed in each aquarium with the long axis  front to
back! of the mussel at right angles to the direction of the rods and plates and
approximately midway between the plates and rods. This was done to help
determine if some or all the mussels moved before reattaching themselves, if the
mussels did reattach. In aquaria with metal plates, a single mussel was placed
between each pair of 12 plates  total 11 mussels!. In aquaria with rods, 3 rows of
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Table 1. Voltage potentials, temperature ranges, and dates for each trial.

Trial 4 AC voltage Temp. Date
 volts/in!   C!

Sept 13-Sept 24
Sept 24-Oct 8
Oct 8-Nov 5  Plates!
Oct 8-Nov 19  Rods!
Nov S-Dec 3  Plates!
Nov 19-Dec 17  Rods!

16.0-19.8

19.8-13.1
13. 1-10.3

13.1-8.8
10.3-6.7

8.84.7

8 8 6 6 6 plates
4 rods

DETACHMENT OF MUSSELS FROM STEEL PLATES AT LOW VOLTAGES

The previous experiments were designed to prevent attachment of adult zebra
mussels using low voltages on plates and rods. The objective  No. 4! of these
experitnents was to determine if low voltages could be used to detach adult zebra
mussels that were byssally attached to steel plates. Only plates were tested for the
detachment studies. However, the setup described above for Objectives 2 and 3 was
used for Objective 4. Two voltages were tried, 4 volts/inch and 8 volts/inch, each
at a duration of 7 d.

Four plates were placed in an aquarium with small � to 6 mtn shell length!
mussels for one week. After one week a sufficient number of mussels had attached
to the steel plates and were transferred to the wooden aquaria. Adult tnussels that
had attached to the wooden bases in the control tank from Trial 4 above were left
in place but two of the four plates with new mussels were also added  slots D and
1, Fig. 1 and photographs!. The remaining two plates were placed in the electrified
tank in slots 13 and I. A voltage of 4 volts/inch was applied for one week but since
few mussels had detached the voltage was increased to 8 volts/inch. No
"detachment" experiments were performed with the rods.
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mussels were used; each row had 7 mussels  i.e. 1 mussel between each pair of rods!.
Observations were tnade weekly. Table 1 gives the dates, temperatures, and voltages
used for each trial with the rods and plates. All dead rnussels were removed after
each period of observation.



RESULTS AND OISCUSSlON

VOLTAGES REQUIRED TO INDUCE MORTALlTY AND PREVENT A1TACHMENT

Fig. 2 shows the variations in percentages of rnusseis attaching after a two-
hour period at various voltage potentials. The data suggest that at voltages near 3.0
volts inch ', there is a significant decrease in the percentage of adults attaching. At
8 volts inch ', no attachment of adult rnusseis was observed.

Significant mortality of adult mussels occurred after 120 hours exposure to
eight volts in' and 168 hours exposure to six volts in'  Fig. 3!. After 10 days
exposure to 8 volts in', 35% of the adults died, whereas, at six volts in', 15% of the
adults died.

To determine if observed mortality may have been due to zinc or cadmium
liberation from the surface of the galvanized rods, 4-d static bioassays were
conducted with 1-L water samples collected after the 10-d experiments were finished.
There was no mortality of mussels in the bioassays, suggesting that mortality of
musseis exposed to 6 and 8 volts in' was not related to water-borne constituents  e.g.
Cd or Zn!.

These data suggest that voltages  A-C! as low as 6 volts in ' are useful
for preventing attachment, and voltages as low as 8 volts in' are useful for
inducing mortality in adult mussels. The effects of these voltage potentials on
veliger larvae and post-veligers are unknown, and subsequent studies will be
designed to address these questions. However, even if these voltage potentials have
little effect on larvae, significant effects on mortality would be expected as they
grow.

EFFECTS OF TEMPERATURE ON MUSSEL APl'ACHMENT AT LOW-VOLTAGES

A comparison of Figs. 4 and 5 shows that the tnortality rates of mussels
tends to be faster between plates than between rods at a given voltage and
temperature, especially at low temperatures. Hence, configuration of the
conductors is important.

Figs. 4 and 5 also show the effects of temperature on mortality rates at 4, 6,
and 8 volts in' within each configuration. At 8 volts in ' temperatures between 13
and 20'C have little effect on the mortality rate, with 100% mortality occurring
within l4 d. Two mussels remained alive in the aquarium with rods at 8 volts in'
after 14 days  Fig. 5, 80 k mortality! but both mussels had been moved by the inflow
current to positions where the current was < 12 volts in '. Mortality rates appear
to increase with increasing temperatures at 6 and 8 volts in '. This is probably
due to increased energy demands associated with contraction of adductor muscles
when the rnusseis were being stimulated to remain closed. This implies that the
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Figure 4.
Mortality of zebra mussels on plates at 6 and 8 volts/in

at di f f erent temperatures
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summer is the best time to use this technology to reduce costs, Both 4 and 6 volts in'
appear to be useful for killing adult mussels, but at least 6 weeks is required to
induce total mortality. Longer terra experiments are required to determine the time
required to induce ll�% mortality at these voltage levels.

These results are slightly different than obtained in the first experiments
above, but those experiments ran for only 10 d.

A-C potentials as low as 4 and 6 volts ia' is sufficient to prevent
attachment at low temperatures �-13'C!. We were unable to test these voltages
at higher temperatures and further experimentation is required.

DETACHMENT OF MUSSELS FROM STEEL PLATES AT I 0% VOLTAGES

Table 2. Numbers of adult mussels attached to steel plates in both the control and
electrified � v in'! aquaria on December 10, after one week.

Plate No. No. of No. of
mussels mussels 'C

start at 1 wk

Temperature

Electrified plates B
I

Control plates D
I

6.7

6.7

6.5

e.5

25

29

19

e

22

25

18

4

2GO

A potential of 4 volts in ' had little effect on the detachment of mussels after
1 week at 5-~; some mussels had detached on the electrified plates � on B; 4 on
I! but some had also detached in the control tank � on D aad 2 on I, Table 2!.
However, after one week at 8 volts/inch, there was 78%  8! and 72%  I!
detachment compared to 39%  D! and 25%  I! on the control plates  Table 3!. The
numbers of mussels detaching from the control plates suggests that the mussels had
secreted only a few byssal threads after allowing only one week for mussels to attach
to the plates in the glass aquaria. The results from this and previous experiments
suggests that electrical currents not only inhibit byssal secretioas  or else
prevents exteasioa of the foot or valve gapage! to make aew threads but also
alters the ability of the mussels to retain threads already secreted.

These results suggest that it is possible to remove mussels attached to steel
structures. In a reactive strategy, mussels could be allowed to settle and grow  to a
small size! before appl ying current. This would reduce operating costs. Presumably,
costs could be reduced even further if the current was applied at higher
temperatures, although further studies are needed to verify this.



Table 3. Numbers of adult mussels attacked to steel plates in both the control and
electrified  8 v in'! aquaria on December 17,

Plate No. No. of

rnussels

at start

TemperatureNo, of
mussels 'C

after 1 wk

Electrified plates B
l

Control plates D

22

25

18

4.6

4.6

4.7

4.7

5
7

11

3

CONCLUSIONS
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The potentials that prevent attachment and induce mortality of adults may be much
lower than those needed for veliger larvae. Observation of the veligers in the
presence of low-voltage currents indicates severe spasmodic movement that may
result in the inability of veligers to attack.
Voltages  A-C! as low as 6 volts in' are useful for preventing attachment, and
voltages as low as 8 volts in' are useful for inducing mortality in adult mussels.
Configuration of the conductors is important because mortality rates of rnussels was
faster between plates than between rods at a given voltage and temperature,
especially at low temperatures.
Mortality rates appear to increase with increasing temperatures at 6 and 8 volts in',
This is probably due to increased energy demands associated with contraction of
adductor muscles when tke mussels were being stimulated to remain closed. This
implies that the summer is the best time to use this technology to reduce costs.
A-C potentials as low as 4 volts in ' is sufficient to prevent attachment at low
temperatures �-13'C! with either plate or rod configurations. Electrical
currents not only seem inhibit byssal secretions  or else prevents extension of the
foot or valve gapage! but also alters the ability of the mussels to retain threads
already secreted.
The results suggest that low-voltage can be used as both proactive and reactive
strategies to control mussel infestations. In the proactive strategy, low-voltage  A-C!
can be applied continuously to prevent mussels from attaching. In the reactive
strategy, mussels could be allowed to settle and grow  to a small size! before
applying continuous, low-voltage alternating current. This would reduce operating
costs. Costs could be reduced even further if the current was applied at higher
temperatures or if pulsed low-voltage potentials were used, although the duration ot
the pulse needs to be investigated.
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Experience with Non-Fouling Coatings for Mussel Control

A. Christopher Gross
Long Island Lighting Company

ABSTRACT

Intake systems of the Long Island Lighting Company's power plants can foul with
q 'i* fU bl *l ~, hh

respects except salinity tolerance to the zebra mussel  
Chlorination was found to be ineffective for mussel control unless applied
continuously. As continuous chlorination is not authorized by discharge permits and
no other control measures were practical, until recently, mussels could only be
controlled by cleaning all underwater surfaces at least once per year.

Faced with this mussel problem, in 1981 LILCO initiated an investigation into the
use of non-fouling coatings for mussel controL Testing of coatings began with
evaluations of available antifouling coatings for ship bottoms. 1tuse proved
successful and testing then moved to evaluations of new coating types on small test
panels which were suspended into plant intakes. The best performers were then
applied full-scale to entire intakes. This selection process continues today and has
led to the identification of several coatings that provide multi-year protection. As a
result of this program, approximately 135,000 square feet of underwater surfaces have
been coated and the mussel problem is largely under controL

Two generic coating types have been found most effective at preventing fouling for
periods of greater than five years: soft silicone rubber paints  a "foul-release"
coating!, and bard copper-containing epoxy paints.

The costs of applying these coatings, $8-10 per square foot, have been returned in
less than two years in reduced cleaning costs alone, even without consideration of
savings from outage reductions and efficiency improvements. These coatings can also
reduce or eliminate the need for chemical control methods.
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INTRODUCTION

Power stations that must rely on salt water for cooling are frequently faced with
significant macrofouling problems. The most important contributor to these
p bl* f 6 bh* I.~ Th *l 1 ' d*
colonies attached to essentiaHy any hard underwater substrate. This growth habit can
lead to physical occlusion of cooling water conduits and, when clusters of mussels
break loose, they can plug smaHer pipes and heat exchange tubes downstream in the
cooHng water system. Effects on the plant can be major and acute, such as an
unscheduled outage due to total loss of cooling water. Effects can also be chronic,
but perhaps no less expensive in the Iong run, as backpressure and fuel costs rise due
to partial clogging of small diameter heat exchanger and condenser tubes. Corrosion
can also be increased and safety systems can be compromised. The growth habit of
the blue mussel and the problems it causes are essentially identical to the freshwater

Mussel fouling has been diKcult and expensive to control. Chemical control with
chlorine injections into the cooling water is not possible unless application is
continuous, a condition that is difficult to maintain and which, in most cases, is not
authorized by discharge permits. The large volumes of cooling water that need to
be treated require significant and costly quantities of chlorine, even at low permitted
concentrations. While we have experimented with other chemical control methods,
ULCO's first line of defense against the blue mussel has been manual cleaning of
the intake systems at least annuaHy. FuH protection from condenser performance
penalties imposed by mussel fouling requires two cleanings per year.

Cleaning is an arduous and expensive process that requires the unit to shut down  for
a tunnel cleaning! or at least drop load  for an intake bay cleaning!. Until recent
experience proved that underwater cleaning with divers was economicaHy feasible,
cleaning was performed'by plant personnel working with hand scrapers in dewatered
bays and tunnels.

With such a weak arsenal of weapons to Use on the mussel problem, LILCO turned
to the experience of the shipping industry in using antifouling coatings to control
macrofouling.

THE COATING RESEARCH PROGRAM

Ship bottom antifouling paint technologies before the late 1970's were generaHy
limited to conventional rosin based paints, containing toxicants that leached out over
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time. They generally had a useful life of not much more than oae year. For a power
plant intake system, a one year service life was not cost effective because the expense
of dewatering, cleaning, painting labor and materials could not be recovered ia less
thaa two or more years.

By the late 1970's, however, improved aatifouling paints became available to the
marine industry. 'Aese were copolymer, ablative paints containing organotia and
cuprous oxide as their active antifoulant compoaents. Despite a higher initial applied
cost, copolymer paints quickly achieved favor in the shipping industry because of
their effectiveness and long life. Beiag ablative rather than leaching, taultiple layers
could be applied aad the effective life was extended to greater thaa four years.
Generally, each layer is good for at least one or more year's protection. 'Ae layers
caa be applied ia alternatiag colors so erosion rates can be determined.

This technology seemed applicable to power plant intakes. Our program began by
applying test strips of various ablative orgaaotia ship paints inside concrete intake
bays. After one year exposure these were judged successful aad full scale
applications began in iatakes.

Ia all, four intakes, each with a coatable surface area of approximately 3000 square
feet, were painted with products from International Pamt Co.,  SPC-9, 4 coats!, MAT
Chemical Co.  Poly-Flo 2000, 2 coats! aad Pettit Paint Co.  Horizons, 4 coats!.
Results of all were acceptable with IP showing the greatest effective life  eight years!
followed by Pettit �-7 years! and MAT �-3 years - due to an insufhcient aumber
of coats!. These results, while excellent, are now academic because these coatings
are not presently registered for use ia stationary sources. However, a great deal of
experience was gained with regard to application methodologies.

While the ablative paiats applications ia the intakes were being evaluated over the
long term, ia 1987 we initiated testing of aew candidate coatings oa small test panels
 approximately 12" x 12"! which could be suspended in the water either ia or close
to plant intake systems. The benefit of the small panels, some of which were
attached in series on racks, was that they could be puled aad inspected frequently
without the necessity of dewatering an intake or conducting an underwater inspection
by diver, Additionally, many materials and coatings could be evaluated in a relatively
small space.

Panels coated and supplied by the various coating manufacturers were utilized ia
most cases to elinanate variables that might be introduced by coatiag the panels
ourselves. Panel inaterials have included concrete, slate, steel, fiberglass and various
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plastics. Through experience, we have learned that the panel substrate material has
little or no effect on the effectiveness of the test coating; however, adhesion and
corrosion protection will vary among the different materials.

Wben time allowed, the panels were inserted at least several months prior to the
start of the mussel larvae settling season which generally starts in June and runs
through September. Otherwise, the panels were inserted whenever received, but it
is recognized that at least a short period of aging is necessary before tbe true
characteristics of the coating material may become apparent. The panels were pulled
briefly about once per month for visual inspection and photographing. The
inspection procedure must be brief-because air exposures of more than a few minutes
 particularly during extremes of heat or cold! can cause attached mussels to abandon
the panel when reinserted into the water. The panels were ranked on a scale of I
to 5 monthly and at the end of each exposure year.

The results of tbe continuing panel tests are presented in Table 1.

As the data indicate, only three basic coating types have been successful. The Grst
is the copolymer, ablative marine antifouling paint that utilizes either organotin or
cuprous oxide as an active antifouling ingredient The second type, copper/epoxy is
a bard, non-ablative epoxy resin that contains metallic copper powder. The third
type, silicone rubber paint, is based on the concept of a passive nonfouling rather
than an antifouling surface. This is achieved with a coating that provides a low
critical surface tension, i.e., a "slippery" surface, as is found with some silicone rubber
coatings. These have been termed "foul-release" in that while the surface can
become lightly fouled, the foulants should slough off before significant or harmful
quantities can accumulate.

The successful organotin and cuprous oxide based paints are ablative in action; as
mentioned above, the organotins are no longer allowed in power plant applications.
Ablative cuprous oxides, which are designed to prevent fouling by means of a toxic
surface reaction as the paint wears away, are now commonly used to protect boat
bottoms in marine waters. Examples of successfully tested cuprous oxide ablative
paints are Micron CSC  International Paint Co.!, Horizons  Pettit Paint Co.!, Awlstar
 US Paint Co.!, and TFA  CMP Chugoku Marine Paint Co.! %hiIe effective,
because these paints release cuprous oxides into the cooling water discharge, albeit
at low levels, they were not included in our studies of large scale applications.

The copper/epoxies differ from ablative or leaching type paints in that metallic
copper powder is suspended in an epoxy or polyester matrix and the surface is
"activated" by mechanical means to expose tbe copper particles. The resulting
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surface finish is hard and does not readily or noticeably ablate or leach but still
repels organisms. Two copper epoxies that have tested well on small panels are
Epco-Tek 2000  Hi-Tek Chemical Co.! aad CopperClad  Ferro Corp.!.

Nonfouliag  foul-release! silicone rubber coatings that have proved worthy of large
scale testing include Bioclean BC and Biocleaa DX  CMP Chugoku!, Biox  Kansai
Paint Co.!, and Exsil 2200  GE Silicones!. Two additioaal silicone rubbers that look
promising, at least after short term exposures, are Iatersleek  the latest versioa from
Porter lateraational - earlier versions were ineffective!, aad CSL 560  CSL Silicoaes,
Iac., previously Sermatech!. Of these Gve silicone rubbers, the first to be found
acceptable, from its very Grst panel tests, was Biocleaa DX. The other brands had
to go through one or more iteratioas before acceptable performaace was achieved.
The Bioclean is still providing "fair" protectioa after six years but, while the coating
is still iatact, its non-fouling characteristics are waaiag.

No other type of coatiag or material was found to offer lasting fouling protection
including'. hard silicones  e.g., Wearlon!, teflons  Scatt!, hard aoa~pper epoxies
 Belzona, Arcor, Simsite!, a copper epoxy that is aot activated  Baraacl X!,
polyurethanes  Devcoa!, silicone grease  Slipstream!, waxes aad various plastics such
as polyvinyl chloride aad polyethylene. A number of additives with purported
aatifouliag qualities have also been tested and found ineffectiv: an antibiotic
 Compound X!, and red, black aad cayenne pepper  generic braads!.

The results of the small paael tests were used to select caadidate coatings for
application to full scale systems including intake bays, tunnels, cell blocks aad trash
racks. Based on its early success on panels, in 1988 Biocleaa was applied to the
interior surfaces of two concrete intake bays  approximately 3000 square feet each,
with dimensions of 40'L x 14'W x 25'D!, a concrete tunnel �'D, 120*I�about 2300
square feet! aad galvanized steel trash racks. These applications were iaspected after
one year. The bays were found.to be approximately 95% clean, the tunnel 98%
cleaa and the trash racks about 50% clean. It appeared that the galvaaiziag oa the
trash racks had effloresced, which caused the coatiag to flake away ia patches. No
adhesion loss was noted in the remainder of the systems.

Subsequent inspections of these systems have been made approximately yearly.
Results for the next three to four years ia the bays aad tunnel were similar to the
first, except that a slight decrease ia performance became noticeable; however,
cleanliness was good enough that it was aot until after six years of exposure that the
performance of the coating in the tunnel degraded eaough to allow seasonal growth
to af'feet plant performance. That tunnel was washed down aad overcoated with two



more coats of Bioclean ia the spring of 1994. Perfonnance ia the bays remained
acceptable until that unit was placed in cold staadby in 1992. No attetnpt was made
to recoat the trash racks.  It was determined that monthly cleaning by a diver wouM
be more effective than coatings because of to the atnount of debris that must be
removed.!

Encouraged by the results of these first full scale applicatioas, additional large scale
applicatioas of Biocleaa and other coatings that passed the paael test stage have
been made. Biocleaa was applied to six more tunnels  up to 6'D x 960'L! at three
plaats, 16 iatake bays �-4000 square feet each! at four plants, aad six cell blocks
�00 square feet each! at one plaat. Results of these applicatioas, over the same
exposure period, are consistent with those first made in 1988. As other braads were
provea in the panel test phase, they also were applied full scale. These include: Biox
ia two bays at one plant, Epco-Tek in three bays  two plants! aad oae tunnel, and
Exsil 2200 in one bay.

Plant staffs have been very pleased with the results of the tunnel and bay
applicatioas. The annual cleaning requirement for tunnels coated with Biocleaa has
beea eliminated, as the velocities � to 10 fps, depending oa the tunnel design!
maintain a clean surface. The intake bays, with average  and turbulent! velocities
ia the range of 0.5 to 1.0 fps, can go for two years or longer without cleaniag when
the coating is aew. As it ages, light cleaniag becomes necessary in generally the third
year, but this requires much less ef'fort and the removal of far less material than in
uncoated bays. Bays coated with Biox have developed luxuriant mussel growths on
walls and beams in a singe growing season but these fell off of their own weight
when the bay was dewatered. Biox coated bays have aot yet gone beyond a single
year's exposure without cleaning. The Epco-Tek and Exsil coated bays have endured
their first year exposure with good resistance to fouling that did not require cleaaiag.

Additional prospects for future large scale applications are the latest version of
Intersleek, Sermatech, and CopperClad.

COATING APPLICATION METHODS

All the materials tested to date are formulations that must be applied in the dry.  Hi-
Tek has recently developed Epco-Tek 1000 V, which they claim caa be applied
uaderwater. We intend to make a test application later this year.! All  CMP
Biocleaa, Kaasai Biox, Hi-Tek Epco-Tek 2000, GE Silicone! are applied in basically
the same manner, to both coacrete and steel:

1. A gate or stoplog is inserted in the mouth of the iatake bay aad standiag
~ater is pumped out of the system. Any leaks or drips are stopped to the
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extent possible.
2. Major marine growth is scraped from the interior walls, beams, pumps,
racks, screens and any other components that are to be coated. Waterblasting
may be used to further clean the surfaces. This material is thea removed,
often by vacuum truck, and transported to a landfill.
3. Gritblastiag is used to clean and help dry the surfaces, which are then
blowa down with air. We grit is removed.
4. Depeading on the season and ambient conditions, heaters, dehuiaidifiers,
tarps, etc. may be required to achieve the necessary eavironment for product
applicatioa in accordance with the manufacturer's specs. Appropriate
veatilatioa may be needed to remove solvent vapors.
S. The first seal coat  generally a two-part epoxy sealer specified by the
manufacturer! is applied by spray gun. It has aot been accessary to trowel oa
or otherwise apply any heavy filler materials to even deteriorated coacrete,
unless it is to fill a crack or repair damage.
6. Several  oae to three, depeadiag on the manufacturer! prime coats are
applied by spray gua. These may or aiay not be epoxy materials.
7. The top coat s! of the non-foulmg material are sprayed on to achieve the
desired mil thickness.

8. Ia the case of the Epco-Tek only, the final coat is now blasted with either
grit or baking soda  which is preferred for easy clean up! to activate the
surface.

9. Equipment is removed and the bay is reQooded aad returned to service.

The entire coating process, starting with initial blastiag, has been accomplished in as
little as four days, geaerally limited by drying time intervals. The cleaning process
is variable, depending oa the amount of material to be removed, but usually can be
accomplished in two to three days. Overcoating should only require a water wash
of exposed surfaces ia good condition, followed by the recoinmeaded aumber of top
coats. Any competent commercial painting contractor should be able to apply these
coatings, but he will probably have to comply with enclosed space regulations in
many cases. Technical oversight by a representative from the coating manufacturer
is recommended.

BENEFITS AND COSTS

In a typical unit's untreated intake system consisting of two intake bays and a tunnel
 with a coatable surface area of 2S,000 square feet!, removal and disposal of a year' s
worth of macrofouling by conventional means costs an average of $120,000 and takes
about five days per event. This does not include the cost of lost generation or
purchased power should that unit have to be removed from service for that cleaning.
Replacement power for a 375 MW unit averages more than $60,000 per day  range
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is $20,000 to $185,000 or more per day!; if cleaning must be done during an
unplanned outage, the total cost for cleaning and purchased power could be over
$1,000,000.

At an average cost of $8 to $10 per square foot  labor and materials! the cost of
painting this typical unit's intake system would be about $200,000 to $250,000, which
would be paid off in reduced cleaning costs in about two years. Additional savings
in increased condenser performance would also be realized but are more dif6cult to
quantify.

The coatings tested to date have shown an effective life of Gve or more years after
which they can be overcoated without the need for the multi-step application process
of the Grst application. We have just completed our first overcoat of Bioclean; only
a surface washing followed by two new coats of Bioclean were required and the cost
was about one-half that of the original job.

Figure 1 graphs several options for calculating costs of maintaining an intake system
acceptably free of mussel fouling. Line A indicates the cost of the biennial
preventative conventional cleaning  by plant personnel! of an uncoated system that
would be required to prevent significant degradation of plant performance. At the
end of the 13 year test period, the total cost would be $1/60,000. Line B shows the
estimated cost of cleaning the uncoated system by an underwater diving method that
was recently demonstrated in our intake bays. Total cost of this option would be
$760,000, however, this assumes there will be no economic penalty for plant
shutdown to clean the intake tunnel. Line C indicates the accumulating costs of
initial paint application followed by recoats every six years; included in this is a small
amount of conventional c!eaning in the intake bays every two years  coated tunnels
don't require periodic cleaning!. Total cost of the coated system with conventional
deaning is $620,000. The dotted line demonstrates the consequence of inaction; in
this case, the operators are seen reacting to an unplanned outage that could occur
every few years when massive quantities of accumulated mussels break free and
occlude the condensers. The cost of this catastrophic event includes purchased power
as well as cleaning for a one time total of $1/36,000. It would probably not be
allowed to occur a second time!  Note: Lines A and C are based on real data,
extrapolated from seven years of experience; Line B is estimated f'rom costs of
underwater cleaning of coated intake bays; The dotted line is speculative but not
unbelievable.!

CONCLUSIONS

Unprotected water intake systems in marine waters are rapidly colonized and fouled
by a rich community of macrofouling organisms. Of these, the species that causes
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the most trouble to power plant cooling systems is the blue musseL Utilization of
antifouling and nonfouling coatings has been demonstrated to prevent unwanted
mussel and other macrofouling growth from adversely affecting intake systems.

Of the many coating types available, most are not effective. Me two preferred
effective coating types are the silicone rubber "foul release" paints and the hard
copper/epoxies. Mesc coatings have been proven in actual use to be effective and
long-lived. Their application, while expensive, quickly produces savings in terms of
reduced cleaning and disposal costs and reduces the possibility of an unplanned unit
outage due to loss of intake water.

While we feel we have obtained. a level of confidence in our ability to control
mussels in our intake systems, we will continue to investigate, evaluate and sponsor
the development of new coatings or other innovative macrofouling control methods
in an effort to improve our plants' performance.
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Biological Control of Zebra Mussels Oreissena
Polymorpha by Indigenous Bacteria and Their

Products

Ji-Dong Gu<, J.S. Maki2, and Ralph Mitchell~

~ Harvard University, 2Marquette University

ABSTRACT

The use of indigenous bacteria and their products as biological control agents of zebra
mussels Oreissena po7ymorpha was investigated. A large library of bacterial isolates was
established from stressed zebra mussels in our laboratory, and four isolates HU-1, -2, -3,
and -4 were used to examine the model of their antagonistic effects on adult zebra
mussels. Bacterial isolates were grown to their rnid-exponential phase, harvested by
centrifugation, resuspended in phosphate bufFer, and used to inoculate zebra mussels
 inoculum of 10~ bacterial cells in 10 ltL phosphate bufFer!. The mortality of inoculated
rnussels was 90, 80, 100, and 60% for HU-1, -2, -3, and -4, respectively, within 5 days
after administration. Control zebra mussels receiving only phosphate bufFer did not show
tnortality. These results demonstrated that bacterial isolates can be effective antagonists
against zebra mussels. We also concentrated microbial products from the bacterial
cultures for molecular weights of l -3, 3-10, and 	0-kDalton  kDa! fractions, and
introduced the obtained bacterial products of difFerent fractions into zebra mussels for
mortality test. Results of mussel mortality indicated that the fractions 1-3 and 3-10-kDa
of HU-1 and 4 were efFective in killing of over 60'!0 of the mussels within a 10-day
period. However, more promising results were obtained with a 	0-kDa fraction of HU-2
and -3, over 80% mortality within 3-day period. Chemical analysis of the bacterial
products revealed the presence of polysaccharides and proteins in all fractions of four
isolates, but no DNA, 2-keto-3-deoxyoctanoic acid  KDO! or uronic acid. Preliminary
results of this study suggested that the selective bacteria and their products may have
potential applications in the development of antifouling coatings and bioactive
mulluscides.
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INTRODUCTIOIV

The introduction and rapid spread of the zebra mussel, Dreissena polymorpha, in the
freshwaters of North America have caused serious problems for water users, particularly
in the Great Lakes area. The zebra mussel is a bivalve mollusk, native to the Caspian and
Black Seas, which has adapted to low salt and freshwater conditions  Ludyanskiy er aI,,
1993!. Since the first report of zebra mussels in Lake St. Clair in 1988  Hebert er aI.,
1989!, they have spread from the Great Lakes south as far as New Orleans on the
Mississippi, and east as far as the Hudson River in New York  Ross,1994!. Such a rapid
increase in the range of distribution is largely due to the high productivity of this mussel in
combination with a swimming pelagic larval stage and the ability to attach onto vessels
moving from infested to uninfested areas. In addition, the improved water quality in
North America in the late 80's may also facilitate the colonization of this introduced
species. As a result, damage has been observed in freshwater ecosysterns, specifically a
loss of indigenous species resulting in a decrease in biodiversity. Power plants and water
treatment facilities have been in danger of having their water intakes blocked due to the
fouling of zebra mussels around the Great Lakes. In addition, due to the consumption of
primary producers by zebra mussels resulting in a decrease in the availability of these food
sources to existing food chains, the fishing industry has su6'ered along with other
ecologically and economically important organisms. The zebra mussel is also capable of
colonizing fish and other mussel species that are of economic importance. If the spread
continues, an economic loss has been estimated at over 5 billion dollars by the year 2000
in the Great Lakes done  Ross, 1994!.

The available control strategies include the use of chemicals, particularly chlorine and
biocides that not only cause pollution of the freshwaters but also raise concern over their
eR'ect on the food chain. Chemical treatments by chlorination and biocides are often
required to eradicate zebra mussel fouling, but intensive post-treatment cleaning is also
needed due to the strong attachment of zebra mussel byssal threads to surfaces, Chemical
treatments also have the disadvantages of leaving residues in the environment, In the case
of chlorination, organic materials in freshwater may become chlorinated, generating toxic
organic species in the ecosystem.

Another approach to control is biological, either by microorganisms or by their
bioactive compounds. Previously, we established that the diversity of heterotrophic
bacteria found in zebra rnussels decreased over time when mussels were exposed to forms
of envirorunental stress, including elevated temperature or starvation  Mitchell and Maki,
1993; Maki and Mitchell, 1994!. The bacteria that become enriched during stress to the
animals can be isolated and used in the biological control of zebra mussels  Mitchell and
Maki, 19934!. Though advancement in this area has been slow in the past, the tools of
genetic manipulation make it possible to amplify production of microbial products which
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can lead to their commercialization as biocontrol agents. Microorganisms and/or their
bioactive compounds have been subjects of active research and development for use in the
control of various plants and pests. The objective of our study were to 1! demonstrate
that microorganisms can be used as antagonists to zebra mussels, and 2! examine the
antagonistic effect of microbial products on rnussels.

MATERIALS AND METHODS

Is 1 i n fbacteriafrom stre dze ramu sels

Adult zebra mussels were collected in Lake Erie at BufFalo, New York and
transported overnight to Cambridge, Massachusetts. These mussels were held in aquaria
�0 gallon capacity! containing 10'/o artificial lake water  ALW! which consisted of
artificial sea water  Instant Ocean, Aquarium Systems, Inc., Eastlake, OH! diluted to 10'/0
 v/v! with distilled water. Water in the aquaria was aerated by using an air pump. The
aquaria were kept in an environmental chamber at 40C. Zebra mussels were not fed
because we had determined they could survive extended period of starvation.

To isolate microorganisms, zebra mussels were taken out of the aquarium water,
placed in sterile Petri dishes and le& at room temperature, After 24 h at room
temperature, 15 mL of ALW were added to the dish before incubation and observation of
mortality. These mussels were stressed by being held at an elevated temperature �20C!
to induce the development of microbial infection. Once they were observed to be dead by
failure to open or close shell valves  Leitch and Sirn, 1991!, isolation of the bacteria from
tissues of the dead mussels was performed immediately, Dead mussels were transferred
into a clean sterile Petri dish where dissection was conducted aseptically. The external
shell surfaces of the mussels were sterilized by cleaning with an ethanol-saturated cotton
swab and then dried. Mussel-tissue was extracted &om the shell and homogenized in a
glass grinder containing 10 mL 0.0375 M phosphate buffer. The buffer was coinposed of
 g liter t of deionized water!: Na~HPO< 5.3 g, NaHzPO4 5.2 g, and Bacto-peptone  Difco
Lab., Detroit, MI! 1.0 g. Following a series dilution in the same buffer, 100 pL of proper
dilutions were used to inoculate spread plates of Plate Count Agar  PCA!  Difco Lab.,
Detroit, MI!. The plates were incubated at 26oC, After at least 48h, well developed
colonies on PCA plates were streaked onto new PCA plates for a purity check and for use
in a inorphological description of the isolates,

When the purity of an isolate was confirmed by the appearance of colony type on PCA
plates and by microscopic examination, Gram staining was camed out to determine which
of the identification procedures would follow. The Biolog System with GN Microplates
 Biolog, Hayward, CA! was used to identify Gram negative isolates, API NFT and/or
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20E identification kits  bioMerieux Vitek. Inc, Hazelwood, MS! was used when no
identification was available from the Biolog database. All bacterial isolates were preserved
on PCA slants and kept at 40C. Four isolates, designated HU-1, -2, -3, and -4, were
selected to test as potential antagonists to zebra mussels.

Pre aration of bacterial cells and inoculati n of zebra mussels

Nutrient Broth medium  Difco tab, Detroit, Ml! in 100 mL batches was prepared,
sterilized, and inoculated with each of the bacterial isolates  HU-1 through 4! from either
slants or plates. Inoculated flasks were cultured at 26nC on a water bath shaker. When
the isolate culture reached its mid-exponential phase of growth  A = 0.9 � 1.1!, cells in
culture were harvested by centrifugation at 10,000 x g, After decanting the supernatant,
pellet of bacterial cells was resuspended in 0.0375 M phosphate bufFer containing 0.1 /o
peptone  Difco Lab., Detroit, MI! and centrifuged again, The supernatant was discarded
and cells were resuspended in 50 mL phosphate buffer. The density of these cell
suspension was determined by staining with acridine orange �.014/a, w/v! and a direct
count with epifluorescence microscopy  Hobbie et al., 1977!.

Adult zebra mussels were taken out of the aquarium water and placed in sterile Petri
dishes, 10 animals for each treatment. These animals were conditioned to room
temperature for about 6 h. then placed in a sterile laminar flow hood to evaporate the
external water for 2 h. After drying, mussels were injected with 10 liL of a bacterial
suspension. The projected cell population �07 bacteria! in 10 pL was made through
dilution of the cell suspension with phosphate buffer. All animals were held in the Petri
dishes for 12 h. Afterwards, 10mI. of ALW were added into each Petri dish. All mussels
were incubated at 220C for observation of mortality. Zebra mussel death was confirmed
by their inability to open or close their shells when rnussels were touched with sterile
tweezers  Leitch and Sim, 1991!.

Se aration of microbial extracellular mat rial

Bacterial isolates  HU-1 through 4! were cultured as described above to stationary
phase and cells were separated from the culture by centrifugation at 10,000 x g for 30 min.
The supernatant was then filtered though a 0.2 gm-pore-size membrane filter  Gelman
Sciences, Ann Arbor, MI!. The filtrate then was concentrated using an ultrafiltration
stirred cell  Amicon Co., Danver, MA! with filters having molecular weight cut-ofFs of 10-
kDa, 3-kDa, and 1-kDa in sequence to a volume of about 1.0-1.5 mL. This volume was
used in testing the efFects of bacterial products on mussels. After injecting the mussels
with 10 ~ of the concentrated bacterial products, they were incubated in ALW at 220C.
Mortality of zebra mussels was observed and recorded over incubation time at 24 h
intervals.
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Anal sis of chemicals com sition of bacterial roducts

Bacterial product concentrates were desalted with ultrapure water and lyophilized to
obtain them in dry form. Chemical analyses were performed on 1 mg of the lyophilized
material dissolved in a proper volume of solvent that was relevant for the analyses. Five
categories of analysis were conducted: 1! protein with Coomassie blue  Bradford, 1976!,
2! hexose sugars assayed by the anthrone method  Daniels er al., 1994!, 3! uronic acids by
the m-phenylphenol method  Blumenkrantz and Asboe-Hansen, 1973!, 4! cell wall
components by thiobarbituric method for 2-keto-3-deoxyoctonate  Osborn, 1963!, and 5!
deoxyribonucleic acid  DNA! by diphenylamine method  Master, 1965!,

RESULTS AND DISCUSSION

Bacterial isolates and mortali of zebra m el

All four bacterial isolates  HU-1, -2, -3, and -4! grew in nutrient broth, and maximum
growth was reached within 55 h at 26~C  data not shown!. That these isolates grew better
at 26 C than 37oC may be due to their origin in a freshwater habitat where the
temperature is generally lower. All four isolates are Gram negative rods and were
associated with dead zebra mussels after exposing the mussels to stress by incubation at
room temperature �20C!. Bacteria are common causes of disease  Smith, 1977!, and
freshwater invertebrates may serve in some way as carriers or reservoirs of diseases
causing microorganisms Mitchell and Maki �993! and Maki and Mitchell �994!
reported that a shift in microbial population diversity was evident when temperature or
starvation stress was applied to zebra mussels. A range of diverse microorganisms that
were morphologically distinct has been observed in tissues of natural zebra mussels by
scanning electron microscopy  SEM!  J,-D. Gu and R, Mitchell, unpublished data!.

Microorganisms isolated from dead zebra mussels may be efFective antagonists against
them. The mortality rates were 90, SO, 100, and 60'!0 for HU-1, -2, -3, and -4,
respectively, within 5 days after introduction �07 cells carried by 10 pL of phosphate
bufFer!  Fig. 1!. Over the same period of incubation, control zebra mussels that were
injected with the phosphate bufFer alone did not show mortality. The antagonistic effects
of bacterial isolates on zebra mussels were also temperature dependent. They were more
pronounced when injected zebra mussels were incubated at 22 C than at 100C  J.-D. Gu
and R. Mitchell, unpublished data!. Mussel mortality was not observed within the same
period of time at 100C, but a similar pattern of mortality was observed after switching the
incubation temperature of the infected mussels from 10oC to 220C. This suggested that
mortality was temperature dependent as a result of biological activity. Bacterial infection
was the primary mechanism by which zebra mussels were killed in this study.
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Bacterial roducts and mortalit rates

These bacterial isolates were further studied with respect to the effect of their products
on mortality of zebra rnussels and the chemical composition of the these products.
Bacterial products that were concentrated &om stationary phase cultures were
demonstrated to have lethal effects on adult zebra rnussels. We found that the three
fraction concentrates �-3, 3-30, and >10-kDa! of each bacteriaJ isolate exhibited varying
effects on mussel mortality  Fig. 2!. There were also varying effects on mortality between
isolates. The effect on tnussel mortality of difFerent fractions was as follows: �-3! > �-
10! > 10 for HU-1; 10 > �-10! > �-3! for HU-2; 10 > �-10! > �-3! for HU-3; and �-3!
= �-10!»  >10! for HU-4 Mitchell �984! and Maki and Mitchell �986! hypothesized
that exopolyrners of attached bacteria react with lectins on the larval surface triggering the
settlement and possibly metamorphosis of larvae of the spirobid larvae Jane brasiliensis.
Maki er al. �990! reported that bacterial biofilms and/or bacterial exopolymers may be
involved as associative cues in the attachment of cypris larvae of the barnacle Balanus
arnphirrile. Our results indicated that extracellular materials from bacteria may also
contain toxins that appear to be responsible for the mortality of the zebra mussels we
observed. An appealing approach for controlling the infestation of zebra mussel and other
macro-fouling is the use of an impregnated coating with a biochemical component which is
either toxic or repellent to the targeted animals  Mitchell and Maki, 1993!.

Analyses to chemically characterize the bacterial products indicated the presence of
polysaccharides and proteins, but not DNA, 2-keto-3-deoxyoctanoic acid  KDO! or
uronic acid in all fractions of the four isolates. Concentration of each chemical component
varied between the isolates and the fractions  data not shown!. The chemical components
we measured only accounted for less than 50'ro of the total material obtained. Elucidating
the chemical composition of the remaining material and the identification of the active
components are the foci of our current research, A heat stable extracellular component
from a marine bacterium, less than 500 Da, kills larvae of B, amphi rrrle within a few hours
of exposure  Holmstrom eI al., 1992!. This biologically active component does not show
any evidence of the presence of proteins or peptides  Holmstrom et al., 1992!. We also
tested a methylene chloride extract of the supernatant from a bacterial culture and found
that it caused adult zebra mussel mortality affer 5 days of exposure  J.-D. Gu and R.
Mitchell, unpublished data!. The low molecular weight material &orn bacteria may also
have a potential application in the development of a zebra mussel control strategy.

In conclusion, we have demonstrated that bacteria isolated &om stressed zebra
mussels can be used as antagonists and effectively cause mortality of adult zebra mussels.
The extracellular products of these bacteria also exhibit lethal effects on zebra mussels.
Varying degrees of mortality of adult mussels were observed aAer they were injected with
either whole cells or extracellular products of the different isolates. The goals of this
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Fig. 2. Effects of bacterial product concentrates of H U-l  a!, HU-2  b!, HU-3  c!, and
HUM  d! on:ebra mussel mortality. Products were concentrated from their
stationary phase cultures to fractions of f-3, 3-10, and >lO-kOa molecular
weights. Incubation temperature was 220C.
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research are to isolate the chemical component s! produced by bacteria that have
specificity for killing or repelling zebra mussels, to identify their chemical structure, and
ultimately to incorporate these products into a coating for testing in natural environments.
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The Survival of Zebra Mussels  Oreissena
polymorpha! and Asian Clams  Corbicula

fluminea! Under Extreme Hy poxia

Miltan A. Matthews and Robert F. McMahon
Center for Biological Macrofouling Research

Box 19498
The University of Texas at Arlington,

Arlington, Texas 76019

ABSTRACT

Zebra mussels  Dreissena potymorpha! and Asian clams  Corbicula fluminea! were
exposed to acute hypoxia  Po, < 3% of full air oxygen saturation! to determine anoxia
tolerance and assess 0, depletion as an efficacious, nonchemical, macrofouling control
strategy. Adults of both species were acclimated to 5', 15' or 25'C for 14 days prior
to testing. After acclimation, paired samples of 30 individuals from each acclitnation
group were placed in separate 5 1 air tight plastic chambers containing 4 1 of
dechlorinated tap water, leaving a 1 1 gas head-space. Paired samples of both species
were held in either aerated  control! or anaerobic  treatment! water, made anoxic by
continuous gassing with N,, and maintained at test temperatures of either 15'C or
25'C. Media 0, concentrations and mortalities were recorded daily. Dead individuals
were removed and their shell lengths  SL! tneasured to the nearest 0.1 mm. Container
medium was replaced every 2-3 days with previously deoxygenated or oxygenated
water at the appropriate test temperature, Negligible mortality  < 3%! was recorded in
all aerated control samples of both species. Mean anoxia tolerance  MAT! for D.
polymorpha was significantly  P<0.05! affected by acclimation temperature at both test
temperatures. At 25'C, MAT was 53.1 h  S.D. = 223.9!, 61.1 h  &8.8! and 82.8 h
�43.1! for 5, 15 and 25'C acclimated mussels, respectively. At 15'C, corresponding
values were 228.8 h �132.3!, 371.2 h �178.0! and 428.0 h gl79 2!. Higher
anaerobic metabolic rates among 5'C acclimated mussels may have induced more
rapid accumulation of toxic end-products leading to reduced survival. Temperature
acclimation did not affect MAT in C. flmninea. At a test temperature of 25'C, MAT
ranged fmm 250.3 h �87.9! to 283.2 h �88.4! across the three acclimation groups.
At a test temperature of 15'C, MAT was 841.7 h  t 327.4! for the single acclimation
temperature of 15'C tested. Body size did not significantly influence anoxia tolerance
of D. polymorpha over the size range used �2-34 mm SL! although larger specitnens
of C flumiru.'a showed decreased tolerance at a test temperature of 25'C �0-30 mm
SL!. Both species were less tolerant of anoxia than most native North American
freshwater bivalves, suggesting that exposure to anoxic conditions may be an
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efficacious nonchemical control technology, particularly for D. polymarpha which was
2-7 times less tolerant than C. fluminea depending ori test and acclimation temperature.
Low anoxia tolerance inay resuict the distribution of both species to weH oxygenated
rivers and the epilimnetic zone of lakes.
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INTRODUCTION

Zebra mussels  Dreissena polymorpha! and Asian clams  Corbicula flurninea! are both
major macrofouling species of municipal potable water, agricultural, industrial and
power station raw water systems in North America  McMahon, 1983; Claudi and
Mackie, 1993!. C. fluminea is found in 36 of the contiguous states of the United
States  Counts, 1986! as well as in Hawaii and Mexico  McMahon, 1991!.
Macrofouling by this species has been estimated to cost the power industry over one
billion dollars annually  Isom, 1986!. D. polymorpha was introduced to the United
States from Europe in 1986 into the Detroit River - Lake St. Clair region of the Great
Lakes  Mackie er al., 1989! and has since spread rapidly throughout the Great Lakes,
St. Lawrence River and the navigable inland waterways of the Mississippi Drainage
 Zebra Mussel Information Clearinghouse, 1993!. A projected cost of two billion
dollars has been proposed for the control of D. polymorpha over the decade of the
1990's in the Great Lakes alone  Roberts, 1990! with this figure likely to rise
exponentially as mussels continue to expand their range in North America.

A further unplication of the spread of zebra mussels throughout North American
freshwater drainages could be a dramatic increase in the use of molluscicides for
mitigation and control of their macrofouling in once-through raw water systems,
exacerbating the biocide load already carried by our continental river systems. The
likelihood of stricter future regulation of molluscicide usage, will require development
of readily implemented, cost-effective, environmentally neutral control technologies for
freshwater macrofouling bivalves   i.e., D. polymorpha and C, fluminea!.

Both D. polymorpha  Mikheev, 1984; Mackie er aL, 1989! and C. fluminea  Past,
1971; McMahon, 1983! have been reported to be intolerant of acute hypoxia  Le., low
oxygen concentrations!. Neither species can tolerate oxygen depleted waters below the
thermocline of lakes and both species are excluded from chronically hypoxic waters
 for reviews see McMahon, 1983, 1991 and Mackie er al., 1989!. Indeed, exposure to
oxygen scavenging chemicals has been reported to be an effective means of mitigating
C. fluminea macrofouling in raw water intake embayments  Smithson, 1986!.

Such reports strongly suggest that exposure to anoxia may be an efficient,
environmentally neutral means of controlling zebra mussel and Asian clam fouling in
raw water systems. However, a search of the literature revealed no hard information
on anoxia tolerance in C. fluminea and only a preliminary study on D, poiymorpha in
which the effects of temperature acchmation and accumulating anaerobic toxins were
not accounted for  Mikheev, 1964!. This study was undertaken to more fully detail
the anoxia tolerance of both D. polymorpha and C. fluminea at different experimental
and acclimation temperatures. The results are discussed in relation to both species'
depth distributions and the efficacy of anoxia as a control strategy.
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MATERIALS and METHODS

Spccitnens of D. polymo~ha were collected from Black Rock Lock o»e iaga
River, at its inlet from Lake Erie in Buffalo, New York, Mussels were scraped frotn a
guide wall on thc upstream entrance to the lock. Specimens of C. flmninea were
collected from thc water discharge stxeam of the U.S. Army Corps of Engineers
Lcwisvillc Aquatic Plant Research FacUity which is situated directly below thc dam of
Lake LcwisviUe in Denton County, Texas. Water from thc lake is gravity fed into a
scrics of experimental ponds that discharge into a canal that errrpties into the Elxn Fork
of the Trinity River. Asian clams were collected fmm the discharge canal 20 tn
downstream of thc Aquatic Plant Research Facility.

Following collection, zebra musscls were transported overnight. wrxtpped tn motstcned
paper toweling, in insulated containers with frozen refrigeratrt packs to keep mussels
cool. Mussels arrived in good condition with little observable rxxortality and werc
immediately transferred to a 284 1 refrigerated holding tank containing aerated,
dechlorinatcd, City of Arlington tap water and maintained at 5 C without feeding until
utilized in experiments. Asian clams were returned to labonatory immersed in water
frotn thc collection site within 3 h of coHection, They were placed in a 284 1 holding
tank in continuously aerated, dcchlorinated tap water maintained at a constant
temperature of 15'C on a 12:12 h light-dark cycle without feeding prior to
expcrimcntation. Both species have been successfully held in otrr laboratory under
these conditions for greater than six months without significant tissue biomass loss
 Chase and McMahon, 1994; Cleland et aL, 1986!.

All expcrimcnts were initiated within 40 days of collection. Prior to experimentation,
samples of individuals from each spccics werc acclimated to 5, l5 or 25'C for 14
days in plastic tanks holding 17 1 of continuously aerated tap water. Following
acclimation, 30 adult individuals from each spccics acclimation group were placed in 9
cm diameter by 5 cm high glass crystallization dishes which were submersed in
approximately 4 1 of water held in an air-tight, 5 1 plastic container �2 cm long X 22
cm wide X 12 cm high! leaving a 1 1 gas head-space. Water in these containers was
continuously bubbled with Nr to dcpletc tncdia of oxygen. The tolerance of each zebra
mussel acclimation group to prolonged anoxia was tested at both 15~C and 25~C  j
0.5'! in a refrigerated incubator under constant darkness. When Asian clams were
sitnilarly tested at 25 C, results indicated that temperature acclimation did not affect
survival of anoxia  see below!. Therefoxe, only one acclimation treatment �5'C! was
tested at the 15'C test temperature. Contxol treatments consisting of identical
acclimation groups in media bubbled with air rather than N were rtrnz ere rtrn concurrently.

Media oxygen saturation in test containers was measured daily with
silver-platinum oxygen electrode  YSI Model 53!. The media was h d 'y wi a polarographic

was changed in
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experimental and control containers every two to three days. In all cases, the
replacement media was at the test temperature and either aerated  control! or depleted
of oxygen by nitrogen bubbling  experimental! before being added to test containers.

The viability of all individuals was tested daily. The posterior mantle edges and.
siphons of all gaping zebra mussels were gently prodded with the tip of a blunted
dissection needle. Individuals which failed to close valves under such stimulation
were considered dead. All dead zebra mussels were gaped beyond the limits of
normal valve activity. As Asian clams sometimes do not gape on death, viability
testing required forcing the tip of a dissection needle several millimeters between the
posterior valve margins in the region of the siphons. Living individuals resist needle
entry strongly by tight clamping of their valves  McMahon et al., 1992!. In contrast,
dead clams offer little resistance and fail to close their valves after needle removal.
Such testing is not damaging to clams as indicated by high survival of control
individuals. For both species, viability testing required removal of the container from
the gas source for not more than 5 min and was carried out on submerged individuals
to minimize exposure to oxygen. Viability testing continued until 100% mortality was
achieved in all samples exposed to anoxia.

RESULTS

Throughout the experimental period at test temperatures of 15' and 25'C, daily
measurements indicated that the Po,  partial pressure of oxygen! of chamber media
bubbled with N, never exceeded 5 torr and was usually below 3 torr  i.e., < 3% of full
air 0, saturation!. Thus, test specimens were essentially exposed to anoxic conditions.
Zebra mussels in aerated normoxic conditions  i.e., full air saturation with oxygen!
readily attached to the walls and floo of holding tanks at 15' and 25'C regardless of
prior temperature acclimation experience. In contrast, zebra mussels held under anoxic
conditions never produced byssal attachment threads at either test temperature. In
addition, individuals which had attached to the shells of other mussels prior to
experimentation routinely released from their byssal holdfasts well in advance of
death.

Multiple factor ANOVA showed that temperature accHrnation had a significant effect
on anoxia tolerance in D. polymorpha at both test temperatures  Tables 1 and 2!.
Mean survival increased with increasing acclimation temperature in D. polymorpha
with the mean tolerance of 5'C acclimated mussels being significantly lower than that
of 25'C acclimated mussels  Tukey's Multiple Comparison, P< 0.5, Table 1, Fig. 1!.
Similarly, at 15'C, mean tolerance time of 5'C acclimated mussels was signiFicantly
lower than those of either 15' or 25'C acclimated specimens. In contrast, there was
no difference in the mean anoxia tolerance time of temperature acclimated groups of
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C. fluminea at a test temperature of 25'C  Table 3, Fig, 1!. Therefore, at the
subsequent test temperature of 15'C, anoxia tolerance was only determined for clams
acclimated to the median temperature of 15'C  Table 3, Fig. 1!.

Significant effect at P S 0.05
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Specitnens of D. polymorpha in all three acclimation groups appeared to be
considerably less tolerant of anoxia than those of C. fluminea  Figs 1 and 2!. At a test
temperature of 15'C, mean anoxia tolerance ranged from 229 - 428 h, in 5'C and
25'C acclimated mussels, respectively. Mean tolerance of 15'C acclimated specimens
of C. flurninea was 842 h, twice that of the highest levels recorded in zebra mussels
 Fig. 1!. At a test temperature of 25'C, mean tolerance times for zebra mussels
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Figure I. The sects of test temperature and prior temperature acclimation on mean
survival time in hours of zebra mussels  Dteissena polymorpha! and Asian clams
 Corbicula fluminea! under anoxic stress  Po, < 5 rorr! induced by nitrogen bubbling.
Solid histograms are tolerance times of 5'C acclimated individuals, finely cross
hatched histograms of l5'C acclimated individuals and widely cross hatched
histograms of 25'C individuals at test temperatures of either 15' or 25'C  horizontal
axis!. Bars at tops of histograms indicate standard error of the mean.
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~~ Significant effect at P 6 0.05

ranged frotn 53 - 83 h over 5' to 25'C acclimated individuals. Those for 5'- 25'C
acclimated specimens of C. fluminea at 25'C ranged from 250 � 283 h, representing a
3.3 to 4.7 fold longer anoxia tolerance in Asian clams relative to zebra mussels  Fig.
1!. Almost identical patterns of reduced anoxia tolerance in zebra mussels relative to
Asian clams were observed when tolerance was recorded as LT~ values  i.e., Time for
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50% sample mortality, estimated by Probit Analysis [Bliss, 1936]!  Fig. 2A! or as
SM,~ values  i.e., Time for actual 100% mortality of the sample!  Fig. 2B!.
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Figure 2. The +acts of test temperature and prior temperature acclimation on
survival time in hours expressed as LT,~ and SM, pp values for zebra mussels
 Dreissena polymorpha! and Asian clams  Corbicula fluminea! under anoxic stress
 Po,   5 torr! induced by nitrogen bubbhng. Solid histograms are tolerance rimes of
5'C acclimated individuals, finely cross hatched histograms of 15'C acclimated
individuals and widely cross hatched histograms of 25'C individuals at test
temperatures of either l5' or 25'C  horizontal axis!. A. LTsp values showing time ro
50% sample mortality as esnmated by probir analysis. 8. SM,pp values showing rime
required for actual 100% mortality of experimental samples.
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For specimens of D, polymorpha, Multifactor ANOVA revealed a significal
correlation between anoxia tolerance and shell length at a test temperature of 15'C
 Table 2!, but not at a test temperature of 25'C  Table 1!. Individual least squares
linear regression analysis indicated that, at the 15'C test temperature, only 5'C
acclimated individuals displayed a significant size effect with larger individuals having
elevated tolerance times  n = 30, r = 0.51, F = 10.2, P = 0 0035!. In contrast,
correlation between SL and anoxia tolerance in C. flwninea was recorded only at a test
temperature of 25 C  Table 3!, in which larger clams from the 15 and 25'C
acclimation groups showed significantly lower survival �5'C acclimated: n = 30, r =
-0.45 F = 7.14, P = 0.012; 25'C acclimated: n = 30, r = -0.37, F = 4.41, P = 0.045!.



DISCUSSION

Specitnens of D. polymorpha where much less tolerant of anoxia than those of C.
flurmnea. Mean tolerance time, LTD and SM,~ values for zebra mussels were 2-7
times lower than those of Asian clams. Among zebra rnussels, those acclimated to
25'C showed the greatest anoxia tolerance at both test temperatures, surviving a mean
of 3.45 days at 25 C and a mean of 17.8 days at 15'C. In contrast, Asian clam
survival times did not appear to be influenced by temperature acclimation. The
highest mean anoxia tolerance times for C. flwninea were 11.8 and 35.1 days among
15'C acclimated clams at test temperatures of 25'C and 15'C, respectively.

A previous, less extensive study of anoxia tolerance in D, polymorpha yielded results
similar to ours. When mussels were enclosed in sealed containers aUowing metabolic
removal of oxygen, 100% mcetality was observed among adult specimens within three
days at a test temperature of 23-24'C, four days at 20-21'C and six days at 17-18'C
 Mikheev, 1964!. The somewhat elevated mortality rates reported by Mikheev �964!
may have been due to accumulation of anaerobic metabolic poisons in sealed
containers as a consequence of not removing dead specimens. Exposure to relatively
low concentrations of sulfide, an anaerobic bacterial decomposition end-product, has
been shown to greatly reduce anoxia tolerance in the marine heterodont bivalves,
Macorna secta, Macoma nasuta  Levitt and Arp, 1991!, Mulinia lareralis  Shumway er
al., 1983!, Scorblcularia plana, Mya arenaria, Myrilus edulis and Cardium educ
 Theede er al., 1969!.

Mikheev �964! also reported that smaller individuals of D. polymorpha were more
susceptible to the lethal ef'fects of prolonged anoxia than were adults, with 100% of
individuals 1-4.9 mm in sheU Length  SL! succumbing to a 37 hour anoxic exposure at
22'C while 100% of individuals of 20-24.9 mm SL survived. In contrast, our data
showed no size effects among any acclimation group at a test temperature of 25'C.
At 15'C, only mussels acclimated to 5'C showed a significant size effect with smaller
individuals appearing Less tolerant of anoxia. As water was changed regularly in our
experiments, the size effect reported by Mikheev �964! may have been due to smaller
mussels being more sensitive to accumulation of toxic end-products from anaerobicaUy
metabolizing living and decomposing dead mussels in sealed test containers,
particularly as the mean anoxia survival time for smaller specimens in our open, N,
bubbled media was at Least twice that reported by Mikheev �964!.

No data has been previously published tegatding the anoxia tolerance of C. fluminea.
This species shows no capacity to regulate oxygen uptake rate with declining oxygen
concentration  McMahon, 1979! and has been reported to be unable to tolerate reduced
oxygen concentrations associated with discharge of treated sewage  Belanger, 1991!
and hypolimnetic waters  Fast, 1971!. The inability of Asian clams to survive for
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more than 17 days suggests that exposure to anoxia or acute hypoxia during summer
months could result in massive population decline.

While data for molluscs are sparse, both zebra mussels and Asian clams appear
relatively intolerant of anoxia compaxed to other freshwater and maxine molluscan
species. Profundal freshwater sphaeriid clams can survive 4.5 to greater than 200 days
of complete anoxia depending on season and temperature  Holopainen, 1987! and a
freshwater unionid, Anodonta cygena, survives at least 7 days of anoxia at room
temperature  Zs.-Nagy et aL, 19S2!. Specixnens of the freshwater pond unionid
mussel, Ligamia subrostrata, survived anoxia at 22-25'C for greater than 15 days
 Dietz, 1974!. The freshwater, prosobranch, ampuHaxiid snail, PoInacea lineata, can
survive approximately 40 days of anoxia at 25'C  Santos et al., 1987!. In contrast,
most freshwater gastropods have arioxia tolerances similar to the range recorded in D.
polymorpha and C. flrttninea. The freshwater pulmonate pond snail, Lytnnaea
stagnalis, tolerated anoxia at 20'C for two days, but experienced a latent 100%
mortality five days after return to normoxic conditions  Wijsman et al., 1985!.
Among tested freshwater pulmonate snails, the majority of species tolerared 0.25 - 3
days of anoxia, with species in the Ancylidae  i.e., freshwater pulmonate lirnpets!
being most tolerant, surviving 4-11 days of anoxia  for a review see McMahon, 1993}.

Marine bivalves appear to have a generally similar anoxia tolerance to D. polymorpha,
but lower tolerance than that of C. fluminea. Specimens of Mulinia lateralis had LT~
values of approximately 11 days at 10'C, 8 days at 20'C and 1.8 days at 30'C
 Shumway et al., 1983!, while Macotna secta and M, nasa>a had LT~ values of 13
and 18 days, respectively at 14-16'C  Levitt and Arp, 1991!. In contrast, the Atlantic
oyster, Crassostrea virginica, which often encounters hypoxic waters in its estuarine
habitats, survived over 2S days of anoxia at 10'C  Stickle, et al., 1989! a tolerance
similar to that of the mean of 35 days anoxia tolerated by C, fluminea at 15'C. Two
anoxia tolerant marine bivalves, the mussel, Myrilus galloprovincialis, and the ark
shell clam, Scapharca inaeqrtivalvis, tolerated 15 and 20 days anoxia, respectively, at
20'C  de Zwann et aL, 1991!. The anoxia tolerance of four species of marine bivalves
at 10'C ranged from an LT~ of 500-600 h for the anoxia tolerant Scorbicularia plana
and Mya arenaria to 810 h for Mytihxs edulis, to a low of for 102 h for Cardiran edule
 Theede er al., 1969!.

Somewhat suxprisingly, larger specimens of C, fluminea acclimated to 15' and 25 C
were less tolerant of anoxia than smaller individuals at a test temperature of 25'C.
The reason for the reduced anoxia tolerance of larger Asian clams remains unclear,
however older individuals within a C. flrtminea population may become senescent with
reduced tissue glycogen stores, particularly during and after reproductive periods
 Williams and McMahon, 1989!. Reduction of tissue glycogen levels could make
larger, senescent clams less tolerant of anoxia, as glycogen is one of the main sources
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of anaerobic inetabolic substrate in molluscs  de Zwaan, 1983!. Reduction of anoxia
tolerance in larger senescent clams xnay have occurred at 25'C because, at this
elevated temperature, increased metabolic drive relative to specimens held at 15'C
 McMahon, 1979! would lead to mote rapid depiction of glycogen cncrgy stores.

Our literature search revealed no information on the effects of tcrnperature acclixnation
on anoxia tolerance in molluscs. Yet, our results indicated distinct temperature
acclimation effect on tolerance in D. polymorpha. At both 15' and 25'C test
temperatures, specimens of D. polymorpha acclixnated to 5'C had a lower tolerance of
prolonged anoxia than did individuals acclimated to 15'C and/or 25'C  Figs. 1 and 2,
Tables 1 and 2!, while acclimation temperature did not significantly affect mean
anoxia tolerance time in specimens of C, j7uminea  Figs. 1 and 2, Table 3!. D.
polymorpIxa has a typical pattern of metabolic acclimation in which cold. acclimated
individuals exhibit higher metabolic rates than do warm acclimated individuals
 Alcxandcr and McMahon, 1991!. Thus, the reduced anoxia tolerance times of 5'C
acclimated mussels may have been due to accelerated build up of toxic anaerobic end-
products to lethal levels as a xesult of their elevated metabolic rates. In contrast,
temperature acclimation did not affect anoxia tolerance in C fluminea. Like D.
polymorpha, C. flwxxinea has a typical pattern of metabolic temperature acclimation
 McMahon, 1979!. However, the greatly extended anoxia tolerance times of this
species �1.8 days at 25'C and 35.1 days at 15'C! may have allowed previously
acclimated specimens to fully rc-acclimate to test temperatures, thus masking any
effect of prior temperature acclimation on anoxia tolerance.

Zebra musscls in media bubbled with air rapidly made byssal holdfasts while those
under anoxia never produced byssal threads. Furthermore, thc majority of previously
attached zebra mussels were observed to drop their byssal holdfasts well in advance of
death. Similar inhibition of byssai holdfast production under anoxic conditions has
been reported in the xnaxine inussel, Mytilus edulis  Ravera, 1952!.

CONCLUSIONS

Exposure to prolonged anoxia has been utilized to mitigate Asian clam fouling in the
raw water intake embayments of a power plant. When the embayment was off-line,
oxygen was scavenged from water above the clams by pumping sodiuin-xneta-bisulfite
 N@SxO,! and hydrogen sulfide  H~S! to the embayment floor and leaving it
undisturbed for 60-72 h at water temperatures above 21'C  Smithson, 1986!. The
rapid kill achieved by this method compaxed to death by anoxia alone documented in
this paper was likely duc to concomitant exposure to sulfide which is known to reduce
anoxia tolerance in other species of molluscs ~cede et al., 1969; Shurnway et al.,
1983; Levitt and Arp, 1991!. Our data indicate that sixnilar embayment treatments

243



may result in more rapid mitigation of D. polymarpha macrofouling, as this species is
much less anoxia tolerant than C. fluminea. However, because D. polymorpha fouling
occurs on all hard surfaces within an embayment, and not just on the ernbayment floor
as scen with C. fluminea fouling  Smithson, 1986!, application procedures will require
adequate distribution of oxygen scavenging chemicals throughout the embayment
water column.

Exposure to anoxia has been previously suggested as an environmentally acceptable,
nonchemical control methodology for D. polyniorpha tnacrofouling  McMahon, 1990;
Claudi and Mackic, 1993; Electric Power Research Institute, 1993!. Oxygen depletion
can bc achicvcd within a raw water system by injecting sodium-meta-bisulfite and/or
hydrogen sulfide immediately prior to valving it off. Alternatively, the system may be
valved shut and the natural oxygen demand of mussels and other fouling organisms
utilized to create anoxic conditions in static, stagnant water  Mikheev, 1964!. At
higher temperatures  ! 20'C!, our data suggest that 100% mortality could be achicvcd
within 12 days of anoxia for D. polymorpha and within 25 days for C. fluminea. It is
highly likely that utilization of hydrogen sulfide as an oxygen scavenger  Lcvitt and
Arp, 1991; Shumway er al., 1983! or the accumulation of naturally produced toxic
anaerobic end-products and sulfide from dying mussels in an off-linc static system
 Mikheev, 1964! would significantly reduce the anoxic exposure required for 100%
mitigation, particularly at higher temperatures  > 20'C!. In contrast, the greatly
extended anoxia tolerance of both D. polymorpha and C. fluminea at temperatures
below 15'C is likely to render anoxic treatment unsuitable for bivalve macrofouling
control under low temperature conditions at most facilities. Indeed, at 5'C, specimens
of D. polymorpha survived up to 62 days anoxia while those of C. fluminea showed
no ~ity over a 12 week period  Matthews and McMahon, unpublished results!.

Use of anoxia for mitigation of bivalve fouling will lower pH in treated raw water
systems due to release of organic acids and hydrogen sulfide from decomposing
musscls and other fouling organisms. Injection of sodium-meta-bisulfite or hydrogen
sulfide as oxygen scavengers will further reduce pH, increasing the rate of corrosion in
metallic piping  Claudi and Mackie, 1993! Further, static lay-up of systems may
stimulate growth of sulfate reducing bacteria  Desulfovibrio and Destdfomaculum!
which reduce sulfate  SO,"! to sulfide  S ! ions that can attack cast iron, carbon and
low alloy steels  Licina, 1988; Claudi and Mackic, 1993!. Thus, application of anoxia
as a mitigation treatment should not greatly exceed durations required to kill fouling
bivalves. Indeed, where fouling infestations of Asian clams or zebra mussels have
been allowed to achieve high densities, the potential for massive production of sulfide
by decotnposing bivalve bodies may preclude use of anoxia as an initial mitigation
treatment Periodic annual or biannual anoxia treatment should prevent excessive
accumulation of a large fouling biomass, making mitigation of D. polymorpha or C.
fluminea macrofouhng both highly cost-effective and environmentally acceptable.



It has been reported that populations of D. polymorpha  Mackie er aI., 1989;
McMahon, 1990! and C. flumirrea  McMahon, 1983! do not normally extend below the
thermocline  i,e,, zone of thermal discontinuity! into the hypolimnetic waters of lentic
habitats which may become highly hypoxic during summer months due to thermal
stratification. The results of this research suggest that the relatively poor tolerance of
D. polyrnorpha and C. fluminea to prolonged anoxia acts to restrict both spccics to
shallow, well-oxygenated, surface waters. Fast �971! showed that artificial aeration
allowed C. fluminea to invade the deeper hypolimnetic waters of a small lake from
where they had been previously absent. Placement of intake structures below the
therrnocline of cooling water reservoirs has been utilized as a effective means of
controlling raw water system fouling by these species  McMahon, 1990; Claudi and
Mackic, 1993!. Our data suggests that modification of existing intake structures to
allow periodic drawing of anoxic water from below a source water's thermocline
during summer inonths could serve to mitigate zebra mussel or Asian clam
infestations. Periodic application of anoxic, subsurface water could minimize the
microbially induced corrosion  M.I.C.! associated with anoxic static lay-up  Licina,
1988! by flushing anaerobicaHy produced sulfides and organic acids into the discharge.
Indeed, application of anoxic, subsurface water may cause fouling mussels to release
from byssal holdfasts and be flushed from the system well in advance of death as
observed in our experirncnts.
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ABSTRACT

Chronic  i,e., long-term incipient! upper lethal temperatuxes were determined for zebra
mussels  Dreissena polymorpha! acclimated to 5, 10, 15, 20, 25, or 30'C for at least
14 days. Subsamples  n = 25-33! from each acclimation group weze exposed to
constant temperatures of 31, 32, 33, 34, 35, 36, or 37 C � 0.1 C!. Mussels were
brought from acclimation temperature to test temperature by increasing media
temperatuxe at a rate of 1'C/10 min. After reaching the test temperatuze, mortality
was determined every 15 min for the first 2 hours, every 30 min for the next 3-5 h
and every h for the next 17-21 h and every 3-4 h thexeafter until all individuals had
died. Multiple regression analysis indicated that acclimation temperature, exposure
temperature, and inussel shell length  SL! were significantly correlated  P   0.00001!
with the natural log of thermal tolerance tizne. Tolerance time incxeased with
increasing acclimation temperature and decreasing SL and decreased with inczeased
exposure tetnpexature. LT~ values  i.e., estimated time for 50% saznple mortality!
ranged from < 1 h at 37'C regardless of acclimation temperature to 456 h in 25'C
acclimated individuals at 31'C. Tolerance times were much greater than reported for
northern European zebra mussels �00% kill within 3 h at 32'C compaxed to 54-399 h
dependent on acclimation temperature!. Multiple regression analysis indicated that the
natural logarithm of either LT~, LTito or of SM,~  actual hours for 100% sample
mortality! were significantly affected by both acclimation temperatuxe and exposure
tempezatuxe  P < 0.00001!, increasing with increasing acclimation temperature and
exponentially decreasing with increasing test temperatuze. Mathematical models aze
presented which allow prediction of the duration of exposure to lethal temperatures to
induce mortality in zebra mussel infestations based on the temperature of thermal
treatment, and the prior operating temperaruze experience of mussel infestations.
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INTRODUCTION

Thermal treatment is an accepted nonchernical mitigation technology for control of
raw water system macrofouling by both marine and freshwater bivalves  Electric
Power Research Institute, 1984; Stock and Del La Parra, 1983! and has been utilized
both in Europe and the United States to mitigate zebra mussel, Dreissena polymorpha
 Pallas!, fouling, especially in steaxn-electric power stations in which raw water system
temperatures can bc elevated to lethal levels by partial recirculation of heated
discharge waters  Electric Power Research Institute, 1992; Claudi and Mackie 1993;
Jenncr and Janssen-Mornmen, 1992; Mackie et al., 1989!.

For D. polymorpha and other macrofouling species, laboratory determinations of the
upper lethal thermal limits on which thermal mitigation strategies are based have
generally been determined as either "acute upper lethal temperatures" or as "chxonic or
incipient upper lethal temperatures." Acute upper lethal temperatures are measured as
the ternpcrature at which death occurs when water tcrnperatuxe is raised at a spcci6c
rate. The results of testing for acute upper lethal temperatures yield the mean lethal
temperature, LTM or LT,~ values  i.e., estimated temperature for S0% or near 100%
sample mortality estimated by probit analysis I'Bliss, 1936]! or SM,~ values  i.e., thc
actual recorded temperature of 100% sample mortality!  McMahon er al., 1993;
Stirling, 1982!. Use of acute upper lethal temperatuxe treatment to mitigate zebra
mussel fouling would bc most applicable in raw water systems where it is difficult to
maintain lethal temperatures for extended periods. In these systems, it is morc
practical to increase water temperature to a lcvcl which induces an instantaneous or
"acute" 100% mussel mortality followed by return to normal operating temperatuxes
 McMahon er aL, 1993!. As acute thermal treatment does not require precise, long-
tenn regulation of elevated temperatures, it has been proposed for use in zebra mussel
mitigation in raw water systems where operation above normal water temperatures for
prolonged periods reduces efficiency and increases component wear, making chronic
thermal treatment of zebra mussels economically unfeasible. Acute thermal mitigation
may also be a particularly applicable for usc in off-line components such as intake
embaymcnts heated by steam injection  Kovalak, 1993! or in various isolated sections
or components of mussel fouled raw water systems warmed by stcaxn injection or
other means  Miller er al., 1992!.

In contrast to zebra mussel thermal mitigation strategies based on acute upper thermal
limits, strategies based on "chmnic or incipient upper thermal limits" involve
continuous exposure of zebra mussel infestations to constant lethal temperatures for
periods of long enough duration to achieve significant mortality. The laboratory
studies on which chroruc thermal mitigation treatments are based yield estimates of the
period of time over which a sample of mussels can tolerate continuous exposure to
specific upper lethal temperatures. This type of temperature tolerance testing involves
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long-term holding of test individuals at a specific acclimation temperature, followed by
instantaneous or near instantaneous transfer into a series of constantly maintained
lethal test temperatures and recording survival times. The results of such testing are
generally expressed as the mean time to death at a specific temperature, LT~ or LT,~
values  i.e., the estimated time required for induction of 50% or near 100% sample
mortality estimated by probit analysis [Bliss, 1936]! or SM,~ values  i.e., the actual
exposure time required to induce 100% sample mortality at a particular lethal
temperature!  Iwanyzki and McCauley, 1992; Stirling, 1982; Stock and Del La Parra,
1983!. Utilization of chronic thermal treatment for mitigation of zebra mussel
infestations is most applicable in industrial and steam-electric power station raw water
systems which generate heattxi discharge water and are designed to recirculate or
backwash heated effluents into their intakes in order to maintain operating
temperatures at relatively constant, elevated, lethal levels for prolonged periods.

Many industrial and power station raw water systems, particularly in the northern
latitudes of North America have been designed for such recirculation of heated
discharge water to prevent winter freezing of water or formation of &azzle ice within
their raw water systems  Claudi and Mackie, 1993; Electric Power Research Institute,
1992; Neuhauser er al., 1993! giving them the capability for chmnic thermal
mitigation of zebra mussel infestations. Chronic thermal mitigation of zebra mussel
infestations is commonly employed in Europe  Jenner and Janssen-Mommen, 1992!
and has begun to be utilized in North America  Neuhauser er al., 1993!.

The main advantage of chronic thermal mitigation strategies is that the water
temperatures required for zebra mussel mitigation are generally lower  Claudi and
Mackie, 1993; Electric Power Research Institute 1992; Iwanyzki and McCauley, 1992;
Jenner and Janssen-Mommen, 1992; Neuhauser er al., 1993! than those required for
mitigation by acute thermal treatment  McMahon er al., 1993!. As the discharge
temperatures of many industries and power stations are regulated by state and federal
environmental agencies  Electric Power Research Institute, 1992; Neuhauser er aL,
1993!, the higher discharge temperatures required for acute thermal mitigation
treatment may not be permitted by these agencies, especially in systems such as power
stations with once-through condenser water systems that discharge large volumes of
heated water.

The acute upper lethal temperature of zebra rnussels is affected by both their prior
temperature experience  e.g., the "acclimation" temperature or operating water
temperature prior to thermal treatment! and the rate at which temperature rises to the
acute temperature inducing instantaneous death. The temperature at which
instantaneous death ensues increases with increased acclimation temperature and
increased heating rate  McMahon er al., 1993!. Experimental data has been utilized to
develop mathematical models predicting the acute upper lethal temperatures of zebra
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mussels based on acchmation temperature and heating rate  McMahon et a1�1993!.
These models allow development of acute thermal mitigation strategies for zebra
mussel fouling on a "site specific" basis, predicting the temperature which must be
exceeded for 100% mussel kill based on previous operating temperature and the rate at
which system water temperatuxe can be heated. Similarly, acclimation temperature
and treatment temperature have been shown to efFect the exposure time required to kill
zebra mussels under chronic thermal mitigation treatment with required exposure time
increasing with increased acclimation temperature and decreased treatment temperature
 Jenner and Janssen-Mommen, 1992; Iwanyzki and McCauley, 1992; and citations
therein!. However, a rnatheinatical model has yet to be developed which will allow
prediction of the required exposure tiine for mitigation of a zebra mussel infestation
based on its prior operating  i.e., acclimation! temperature experience and the specific
lethal treatment temperature applied to the system. Such models could be of great
value in designing a site specific chronic thermal treatment strategy for mitigation of
zebra mussel fouling, incorporating prior intake water temperatures, temperature of
thermal treatment and maximum discharge temperatures permitted by regulatory
agencies. Such a inodel wouM also assist a facility in the decision whether to utilize
either "acute" or "chronic" tteattnent for thermal mitigation of a zebra mussel
infestation.

This paper presents a laboratory study of the effects of both prior acclimation
temperature and exposure temperature on the chronic upper thermal tolerance times of
zebra mussels. The resulting data is utilized to develop a simple mathematical model
predicting the required chronic exposure time required to induce death based on prior
acclimation and exposure temperatures. This model can be utilized for development of
site-specific chronic thermal mitigation strategies along with that previously developed
for acute thermal treatment strategies  McMahon er al., 1993!, providing a
comprehensive means for evaluating the efficacy of thermal treatment for zebra mussel
fouling and the most appropriate thermal treatment strategy on a site-specific basis.

METHODS

Zebra mussels were collected &om the vertical sides of a ceinent guide wall at the
U.S. Army Corps of Engineers, Black Rock Navigation Lock on the Niagara River in
BufFalo, New York. immediately following collection, mussels were shipped
overnight in insulated, cooled containers to the Center for Biological Macrofouling
Research at The University of Texas at Arlington where they were nnintained in a
200 l �5 gal! refrigerated 'Living Stream' holding tank at a constant temperature of
5'C �1'F! without feeding in dechlorinated City of Arlington tap water. All mussels
were utilized in experiments within two months of collection. The metabolic rate of
zebra mussels held at 5'C is so greatly depressed that significant reduction in dry
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tissue mass cannot be detected within a 60 day holding period  Chase and McMahon,
1994!. Thus, mussels utilized in the experiments were in good physiological
condition.

Groups of greater than 30 mussels were zenMved from the holding tank and placed in
9 cm diatneter by 5 cm high glass crystanization dishes covered with a 1 mzn mesh
nylon screen held in place with a rubber band, preventing mussel escape. The
crystallization dishes were tzansfezzed into plastic holding tanks �2 cm deep x 21 cm
wide x 31 cm long! containing 17 1 �.S gal! of dechlorinated tap water. Holding
tanks were held in refrigerated incubators in which five groups of mussels were
acclimated to constant temperatures of 10', 15', 20', 25', or 30'C �0' S9' 68' 77'
or 86'F! � 0.5'C! for a period of greater than 14 days prior to determination of
chronic lethal temperature tolerance times. A sixth group of mussels acclimated to
5 C �1'F! were similarly held in a plastic aquarium placed in the 200 l, 5 C 'Living
Stream' holding tank. Medium in acclimation tanks was replaced every thzee days
with dechlorinated tap water preheated or precooled to the temperature of acclimation.

There was little, if any, mortality observed in mussels held at any of the acclimation
temperatures. Only mussels which had made byssal attachment to the walls of the
crystallization dishes or to the sheQ of other mussels during the acclimation period
were utilized in determination of chronic thermal tolerance. Unattached mussels weze
removed from the dishes prior to experimentation. In dishes with more than 30
attached mussels, individuals were randomly culled to sample sizes of approximately
30 mussels just prior to experimentation. Sample size at any one acclimation/test
temperature combination ranged from 26 to 33  Table 1!. Only byssally attached
mussels weze utilized in experizzM;nts because removal from the byssus has been
demonstrated to reduce the tolerance of zebra mussels to stress, such as that induced
by biocide exposure  McMahon ez al., 1992!.

After temperature acclimation, groups of mussels in crystallization dishes for each of
the six acclimation temperatures were submerged separately in 25 cm deep x ZZ cm
wide x 43 cm long insulated water baths containing 23 1 of dechlorinated tap water
constantly cooled by a Forma Scientific, Refrigerated Cold Finger  Model 2535!.
Water in the baths was circulated and initially held at 5'C by a Haake Dl Water Bath
Temperature Regulator. One youp of S'C acclimated individuals was placed in each
bath and the water teznperatuze raised 1'C every 10 minutes. Dishes containing
samples of the other acclitnation groups �0', 15', 20', ZS' and 30'C! were placed in
the bath at the point when rising bath temperatuze corresponded to their acclimation
temperature, thus avoiding temperature shock to any test group. After all accliznation
groups had been placed in water baths, bath temperature was inczeased at 1'QIO min
to final test temperatures of 31', 32', 33, 34, 35', 36' or 37'C  87.8' 89.6' 91,4'
93.2', 95.0, 96.8 and 98.6'F! where they were then held constant � 0.1'C! by
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temperature regulators. Starting times for raising water temperatures in the baths were
staggered so that all baths reached their respective final test temperatures at the same
time. Rapid water circulation by the regulators ensured uniform temperature and
oxygenation throughout the baths.

Throughout thermal tolerance time determinations, bath water temperature was
monitored with a fast responding micro-thermistor and a Model 43-DT, Yellow
Springs Instrument Company Tele-Thermometer. Every three days throughout the
course of the experiment samples of mussels were transferred to water baths
containing fresh media at the appropriate test tetnperature to prevent media
contamination with the mussel's metabolic end products.

The thermal tolerance times of mussels held at each test temperature were determined
by periodically removing crystallization dishes, and observing the contained mussel
samples for mortality as indicated by widely gaping valves. The viability of tnussels
with gaping valves was determined by gentle touching the tissues of the posterior
mantle edge or siphons with the bristles of a fine brush. If this tactile stimulation did
not elicit a valve closure response, the mantle edges and siphons were more vigorously
probed with the hard, pointed end of the brush handle. If this more vigorous tactile
stimulation still did not elicit valve closure, the individual was considered to be deaL
A previous study had indicated that thermally stressed mussels which displayed widely
gaping valves did not regain capacity to close their valves after 12 hours recovery at
room temperature and thus, were considered dead  McMahon et al., 1993!. Dead
mussels were removed from the crystallization chambers, their times of death recorded
and their shell lengths  SL, the linear distance between the posterior margin of' the
shell and the anterior tip of the umbos! measured to the nearest 0.1 mm with dial
calipers. The size range of all mussels utilized in the experiment was 11.0 - 3S.4 mm
with mean size being 20.2 mm  n = 1259, s.d = 2 3.3!. After baths reached test
temperatures, mortality in mussel samples was monitored every 15 min for the Qrst 2
h, every 30 min for the next 3-5 h, every hour for the next 17-21 h and every 3-4 h
thereafter, until all mussels in all acclimation groups at all test temperatures had dieL

RESULTS

Mean times to death were determined for each acclimation group at each test
temperature. The time required for SG% saxnple mortality  LTQ and near 100%
sample mortality  LT,~! were estimated fmm cumulative percent mortality values for
each acclimation/test temperature saxnple by Probit Analysis  Bliss, 1936!. In
addition, the actual time required to achieve 100% sample mortality was recorded
 Table 1!. Mean thermal tolerance times, LTD values and SM,~ values increased
exponentially with both increasing acclimation temperature and decreasing test
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TABEE 1

Effect of Temperature AcclimatlOn on Temperature ToleranCe Tlmea of DreiSaelta
polymorpha on Exposure to DNerent Lethal Test Temperalures Expressed as Means,

LT Values  Estimated time for 50% sample mortality!, LT, Values  Estimated time for
100% sample mortality! and SM,~ Values  Actual time for 100% mortality!
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Figure 1. Chronic  incipient! upper lethal thermal tolerance times in zebra musseis,
Dreisscna polymorpba Pom the ¹agara River. Vertt'cal axis in all graphs is tolerance
of lethal temperatures measured in hours tts mean tolerance times  solid histograms!,
LTD values, the estimated time for 50% sample mortality  stippled histograms! and
SM,rN values, the actual time for l00% sample mortality  checkered histograms!. The
horizontal axis in all graphs is acclimation temperature in 'C. Verical bars atop
histograms are standard errors of the means. Tolerance times are presented for
exposures to lethal temperatures of 3l', 32', 33', 34', 35', 36' and 3TC.



'* Significant difference at P s 0.05.
Regression Caefflc:lent  r! = 0.932

tetnperature  Fig. 1!, thus, in aH statistical testing the natural logarithm  ln! of tolerance
time was utilized to linearize the data.

Least squares multiple linear regression analysis relating time to death in individual
mussels as the dependent variable to acclimation temperature, test temperature and SL as
independent variables indicated that all thtee variables significantly affected thermal
tolerance  n = 1259, r = 0.932, F = 2757, P < 0.00001!  Table 2!. The very high
correlation coefficient  R'! of this multiple regression indicated that the effects of these
three variables accounted for 87% of all recorded variation in thermal tolerance times.
Such a high level of correlation of tolerance time with treattnent variables suggested that
there was little ar no effect of either sample holding chambers or water baths on tolerance
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'* Significant difference at P < 0.05.
Regression Coefficient  rj = 0.967

times, allowing statistical analysis of the data to utilize individual mussels as the
experimental unit.

Thermal tolerance times were found to increase significantly with increased acclimation
temperature  P < 0.0001!, and decrease significantly with increased test temperature  P
< 0.0001! and increased individual SL  P < 0.0001!  Table 2!. The correlation
coefticients for these variables indicated that test temperature had the greatest effect on
thermal tolerance time, with acclimation temperature and SL having relatively similar, but
lesser effects over the tolerated acclimation temperature range �-30 C! and typica1 SL
range of North American zebra mussels �-35 mm!. Multiple least squares linear
regressions also indicated that natural logarithms of LT~ LT,~ and SM,00 values were
similarly correlated to the independent variables of acchmation temperature and test
temperature  n = 42, r = 0.949-0.969, F = 185-294, P < 0.00001!  Tables 3, 4, S!.
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'* Significant difference at P s 0.05.
Regression Coefficient  r! = 0.949

Multiple linear regression equations allowing prediction of ln mean thertnal tolerance titne
 h! based on acclimation temperature  'C!, test temperature   C! and shell length  rtun!
and prediction of ln LT~, ln LT,~ or ln SM,~ values  h! based on acclimation and test
tetnperatures are displayed in Table 6 along with corresponding regression paratneters.
When the mean thermal tolerance times predicted by these equations  mean thermal
tolerance cotnputed for a mussel with an SL of 15 mm! was graphically expressed against
different treatment temperatures at different acclimation temperatures they indicated that
thermal tolerance time exponentially declined with increasing treatznent temperatuze and
decreasing acclimation temperature  Fig. 2 A-D!. Whether expressed as absolute
tolerance times  Fig. 2 A!, LT� Figure 2B!, LT,M  Fig. 2C! or SM,~ values  Figure ZD!,
mussel death at treatment temperatures of 37'C and above was nearly instantaneous,
occurring within less than one hour regardless of prior acclimation temperature
experience. Regression analysis  Fig. 2A! indicated that, below 37'C, thermal tolerance
times increased exponentially with decreased test temperatures and were greatly effected
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'* Significant difference at P s 0.05.
Regression Coefficient  r! = 0.969

by acclitnation temperature. Thus, at 34'C, the estitnated mean tolerance times for a 15
mtn SL mussel ranged &om 4 h in 5'C acclimated individuals to 17 h in 30'C acclimated
individuals  Fig. 2A! while estimated SM,~ values over the corresponding acclimation
temperature range ranged &om 5.6 to 26.1 h  Fig. 2D!. At treatment temperatures below
34'C, the exponential relationship with treatment and acclimation temperatures greatly
extended thermal tolerance times. At 31 C  the lowest temperature lethal to the mussels
we tested!, mean tolerance time in a 15 mm SL individual was estimated to be 69 h if
acclimated to 5'C, rising to 293 h if acclimated to 30'C  Fig. 2A!. The range of
corresponding SM,~ values at a 31'C treatment tetnperature increased to 211 h to 737 h
over a 5 C to 30 C acclimation temperature range  Fig. 2D!.



TABLE 6

Multiple Least Squares Linear Regression Equations Relating the
Natural Logarithm of Thermal Tolerance Time  Hours! Expressed as
either Mean Tolerance Times, LT� Estimated Time for 50/ Sample
Mortality!, LT,  Estimated Time for Near 100A Sample Mortality! or
SM,~  Actual flrne for 100% Sample Mortality!  Dependent Variable!
to Acclimation Temperature  AT ln C!, Test Temperature  TT ln C!

and Specimen Shell Length  SL ln mm!  Independent Variables!.

In Mean Hrs = 33.982 + 0.0579 AT in 'C! - 0,944 TT In 'C! - 0.0517 SL In mm!
n = 1260, F = 2756, r = 0.932, P c 0.00001'*

tn LT In Hrs = 35.381 + 0.0578 AT In 'C! - 1.018 TT In 'C!
n = 42, F = 295, r = 0.967, P c 0.00001'*

In LT,~ In Hrs = 46.817 + 0.0788 AT In 'C! - 1.328 TT In 'C!
n = 42, F = 185, r = 0.948, P c 0.00001"

In Sia,~ In Hrs = 40.002 + 0.0514 AT In C! - 1.126 TT In 'G!
n = 42, F = 294, r = 0.967, P c 0.00001**

DISCUSSiON

Jenner and Janssen-Mommen �992! have shown that zebra mussels acclimated to
ambient water temperatures in the Netherlands have a chronic upper temperature
tolerance of less than 10 min at 36'C, increasing to 1.5 h at 33'C. Mean tolerance
times of North American zebra mussels horn Lakes Erie and St. Clair when exposed
to 30'C varied between 4.74 days when specimens where acclimated to 2.5'C and
3.96 days when they were acclimated to 25'C  Iwanyzki and McCauley, 1992!, At a
treatment temperature of 33'C, these values declined to 0.22 h and 17.5 h in mussels
acclimated to 2.5 C and 25'C, respectively, and further declined to 0.17 h and 0.65 h,
respectively, when 2.5'C and 25'C acclimated mussels were exposed to 36'C
 Iwanyzki and McCaulcy, 1992!. The mean incipient temperature tolerance times
recorded by Iwanyzki and McCauley �992! for North American zebra mussels were
higher than those reported for 100% mortality in zebra mussels from northern Europe
 Jenner and Janssen-Mommen, 1992! even though Iwanyzki and McCauley �992!
reporteX mean values which underestimate the duration of exposure required to
achieve 100% mortality. However, their values are similar to those quoted from other,
unpublished sources  as cited in Iwanyzki and McCauley, 1992! for North American
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Figure Z. Chronic  incipient! upper lethal thermal tolerance times in zebra mussels,
Dreissct!a polymorpha from the Niagara River estimated from least squares multiple
linear regression equations relating tolerance time ro acclimation temperature and
treatment temperature  Table 6!. The venical axis of all graphs is tolerance time in
hours survived at lethal temperatures indicated on the horizontal axis in 'C.
Individual regression lines are for mussels acclimated ro remperatures ranging from 0-
30'C. Thermal tolerance times are expressed as  A! mean time ro death,  8! LT~
values, estimated time for 50% sample mortality,  C! LT,~ values, estimated time for
near IOD% sample mortality and  D! SM,9, values, actual time of l00% sample
mortality.
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zebra mussel populations from Lake Erie and the Rybinskoye Vodokhranifishche
Reservoir in northwestern Russia.

Our values for chronic upper lethal temperature tolerance are also indicative of a much
higher level of thermal tolerance in North American zebra mussels than reported for
this species in northern Europe by Jenner and Janssen-Mommen �992!. They report
that a 100% kill of zebra rnussels can be achieved within a 1.5 h exposuze to 33'C.
Our regression equation for 100% sample mortality  i.e., SM,~! predicts that a zebra
mussel would tolerate 33 C for 17-80 h over an acclimation range of 0' to 30'C
 Table 6, Fig. 2D!, a tolerance 11 to 53 times greater than that reported for northern
European mussels.
Regression equations relating thermal tolerance times to treatment temperature for
North American zebra mussels from Lakes Erie and St. Clair indicate that on exposure
to 33'C the mean thermal tolerance times of zebra mussels acclimated to 15', 20' and
25'C would be 2.8, 6.8 and 10.2 h, respectively  Iwanyzki and McCauley, 1992!.
Corresponding values for a 15 mm SL zebra mussel estimated from our regression
equation relating tolerance time to acclimation temperature, treatment temperature and
SL  Table 6, Fig. 2A! would be 18.5 h, 24.8 h and 33.2 h, respectively, 6.6, 3.6 and
3.3 times greater than those previously reported. In addition, Iwanyzki and McCauley
�992! reported that 30'C was the lowest incipient upper lethal teznperature inducing
death in North American zebra mussels with tolerated exposures ranging from 64 h in
20'C acclimated individuals to 114 h in 2.5'C acclimated individuals. In contrast, we
recorded minimal short-terzn mortality in mussels maintained at this temperature.
Instead, we detezzzuned the chronic upper lethal temperature to be 31'C with mean
tolerated exposuze times ranging from 52-292 h depending on acclimation temperature
31'C  Fig. 1 and 2A!.

The basis for the difference in thermal tolerance between these two groups of musse1s
from the Great Lakes is difficult to ascertain. However, Iwanyzki and McCauley
�992! did not let experimental specimens byssally attach prior to thermal tolerance
determinations. McMahon et aI. �992! noted that lack of byssal attachment reduces
the tolerance of zebra mussels to nonoxidizing biocides, thus, lack of byssal
attachznent by experiznental individuals in previous determinations may have resulted
in a reduction in recorded thermal tolerance values. Iwanyzki and McCauley �992!
also introduced test individuals directly &om holding media at the acclimation
temperature into media at the test remperature, perhaps subjecting them to a thermal
shock which could have affected a reduction in subsequently recorded thermal
tolerance times. In contrast, we increased tank temperarure at a rate of 1 C/10 min
from the acclimation temperature to the test temperature ro avoid any thermal shock to
test specimens that could be induced by an instantaneous temperature change. Such a
slow increase in teznperature from the acclimation to treatment temperature also better
reflects the strategy with which chronic thermal treatment would be applied in
industrial or steam-electric power facilities with temperature being relatively slowly
increased from the normal operating  i.e., acclimation! to the lethal treatment
temperature through partial recirculation of heated effluents  Neuhauser er al., 1993!.

265



The thermal tolerance of D. polymorpha whether measured as incipient upper lethal
temperature limit  this study! or acute upper lethal tetnperature  McMahon er al,,
1993! is lower than that of other common North American macrofouling bivalve
species. At 32.2'C, 95% mortality was induced in specimens of the marine,
macrofouling, blue mussel, hfyrilus edulis L., within 23 h, with tolerance time
decreasing to 0.23 h at 40.5 C  Stock and Del La Paxra, 1993!. In another study,
maintcnancc of blue mussels at 35 C  95'F! for 1 h induced 56% sample mortality
and, at 40'C, 100% sample mortality was induced within 0.33 h  Johnson er al.,
1983!. Thc short-term upper thermal limit of the Atlantic or American oyster,
Crassosrrea virginica Gmelin, is 48,5'C  SeHcrs and Stanley, 1989! a value much
higher than that of 38'C recorded in this study for D. polymorpha. The &eshwater,
macrofouling Asian clam, Corbicula flununea  Mliller! is also considerably more
thermally tolerant than D. polymorpha. The instantaneous upper lethal temperattue of
Asian clams is approximately 44'C in individuals acclimated to 32'C with the lowest
lethal temperature being 30'C in 5'C acclimated clams which survived exposute to
this tcmpcrature for less than 4-7 h  Mattice, 1979!. In C. fluminea, 36'C is the
minimum long-term chronic upper lethal temperature  McMahon and Williams, 1986!
while our study indicates that it is 31 C in D. pofymorpha. The greatly elevated upper
thermal Emits of C. fluminea relative to D. polymorpha reflects the Asian clam's
endemic distribution in tropical and subtropical areas of southeast Asia  Morton,
1979!.

The reduced thermal tolerance of D. poiymorpha relative to other North Arncrican
biofouling species makes it particularly susceptible to chronic thertnal mitigation
treatment. Mitigation treatment with tcmpcraturcs greater or equal to 34'C  93'F!
could induce near 100% kills of zebra mussel infestations within 6-26 h depending on
the prior acclimation/operating temperature experience of mussel infestations  Fig.
2D!. Below treatment temperatures of 34'C, thc exposure times required for near
100% mussel kills become too extended �7-80 h depending on acclimation
tcmperaturc, Fig. 2D! to be economically applied in most industrial or electric
generating facilities  Electric Power Research Institute, 1992; Claudi and Mackie,
1993; Neuhauser et al., 1993!. At treatment temperatures ranging between 34' to
37'C  93-99'F! times for 100% kills of zebra mussels are short enough  Fig. 2D! to
be cost-efFective, application temperatures are low enough to prevent major loss of
production or excessive equipment wear and/or malfunction and discharge
temperatures are likely to be low enough to meet the discharge temperature restrictions
of state and/or national regulatory agencies  Electric Power Research Institute, 1992;
Neuhauser er al., 1993!.

Use of acute themml mitigation strategies for zebra mussels in which the temperature
of a raw system is increased until the instantaneous upper lethal temperature of the
zebra mussel is exceeded, while allowing for shorter durations of thermal treatment,
requires subjecting raw water systems to higher water temperatures. Thus, at an
acclimation temperature of 20'C �8 F! and a water heating rate of 1'C/5 min  a
heating rate achievable by thermal backwashing in electric power stations, see
Neuhauser er al., 1993!, a temperature of 42.3'C �08'F! would have to be achieved
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to induce a 100% kill of zebra mussel infestations over a total warer heating period of
approximately 2 hours  based on SM,O, values, McMahon et aL, 1993! while a chronic
thermal mitigation strategy would produce 100% kills of zebra mussels within 15.6-
0.53 h if applied at 34 - 37'C  93 - 99'F!  Fig. 2D!. Thus, acute thermal mitigation
of zebra mussel infestations in entire raw water systems may generate unacceptably
high equipment operating and discharge water temperatures, making chronic thermal
treatment a more applicable strategy for system-wide mitigation of zebra mussel
fouling. In contrast, acute thermal treatments may be most efficacious for treatment of
off-line components in which elevated water temperatures would be difficult to
maintain for prolonged periods  e.g., use of steam injection to increase to lethal limits
the water temperature in mussel-fouled, off-line intake embayrnents, Kovalak, 1993! or
for on-line treatment of individual components or sections of raw water systems  e.g.,
treatment of the service water system only, treatment of only one of several units, or
treatment of individual heat exchangers! whose high treatment discharge water
temperatures could be tempered by mixing with untreated waters in the discharge
channel.

The data presented here  Fig. 2 A-D! and in previous papers  Iwanyzki and McCauley,
1992; McMahon er aI., 1993! clearly demonstrate that previous temperature
acclimation greatly affects both the acute and chronic thermal tolerance of zebra
rnussels. Thus, regardless of the thermal treatment strategy employed, higher water
temperatures wiH be required to achieve 100% mitigation of zebra mussel infestations
during summer months  Figs. 1 and 2, McMahon er al., 1993!. Thus, with either
chronic or acute thermal treatment strategies, initiating treatments during periods when
water temperatures are below maximal summer levels may significantly reduce both
the amount of time required to apply the treatment and/or the temperature require,d to
achieve 100% mitigation of mussel fouling. Also of importance is the fact that
smaller zebra mussels have greater thermal tolerance times than larger mussels, thus
infestations consisting primarily of smaller individuals, which is the usual case if a
raw water system is subjected to annual or biannual mitigation treatments, wiH require
higher and/or longer exposures to lethal temperatures to induce near 100% mussel
kills.

CONCLUSIONS

The data presented strongly suggest that chronic thermal treatment can be a highly
efficacious means of mitigating zebra mussel fouling in the raw water systems of
facilities such as steam-electric power stations which produce heated effluents and are
capable of partial recirculation of those effluents into intake structures. Chronic
therinal treatment may be particularly apphcable for mitigation of' D. potymorpha
fouling as this species appears to have the lowest level of thermal tolerance among
common North American macrofouling bivalve species. Based on the model equations
relating intake water temperature and treatment temperature to tolerance times in Table
6 and Fig. 2, efficacious chronic thermal mitigation of zebra mussel infestations
resulting in 100% mitigation of fouling within less than a 24 h treatment period could
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occur at treatment temperatures of 34'C  93'F! and above during summer months
when intake water temperatures are equal to or greater than 20'C �8'F!, and during
winter months at 33'C  91'F! when water temperatures are 5'C �1'F! or below  Fig-
2D!. Because the thermal tolerance time of zebra mussels exponentially decreases
with increased treatment temperature  this study; Iwanyzki and McCauley, 1992;
Jenner and Janssen-Mommen, 1992!, the duration of application of a chronic thermal
treatment will be greatly reduced with even small increases in treatment temperature
 Fig. 2!, reducing the productivity losses and equipment wear associated with system
operation at above normal temperatures for prolonged periods.

This research has indicated that the chronic thermal tolerance levels of North
American zebra mussels are at least an order of magnitude greater than those reported
for this species in Northern Europe  Jenner and Janssen-Mommen, 1992!. While
available data are sparse and plagued by incongruent protocols for measurement of
thermal tolerance  see Discussion above!, our results do appear to suggest that North
American populations of D. polymorpha may have been introduced to the Great Lakes
from a zebra mussel population in the southern portion of this species' present
European range where elevated ambient water temperatures may have selected for a
more thermally tolerant physiological race than exists in the cooler heshwaters of
northern Europe. Further evidence of a southern European origin for the race of zebra
mussels introduced into the Great Lakes is the concurrent introduction of a second,
dreissenid species Dreissena bugerLris Andrusov  the "Quagga Mussel" !  May and
Marsden, 1992, Spidle er al., 1994!. Dreissena polymorpha is the only dreissenid
species found in the freshwaters of northern Europe  Mackie er aI., 1989;
Staficzykowska, 1977!. In contrast, D. bugensis is restricted to the Southern Bug and
Dnieper Rivers  Spidle er al., 1994; Zhadin, 1952! which empty into the Dnieper
Estuary on the northern shore of the Black Sea in the Hzaine. At the confluence of
both rivers, is the Ukrainian city of Nikolayev, a major international shipping port,
making the northern shore of the Black Sea, and particularly shipping ports, such as
Nikolayev and the nearby city of Odessa, the likely source of the two dreissenid
species introduced into North America either as veliger larvae transported in ballast
water  Mackie er al., 1989! or as adults attached to anchor chains  McMahon er al�
1993!.

The Black Sea and Southern Bug and Dnieper Rivers are at the most extreme
southeastern and likely warmest portion of the distribution range for zebra mussels in
Europe  Staficzykowska, 1977!. Therefore, zebra mussels introduced to North
America from this region could have been drawn from a genetically, thermally tolerant
population relative to those found in the much cooler waters of northern Europe. In
any case, the elevated thermal tolerance of North American zebra mussels
demonstrated by this research and that of McMahon er al. �993! strongly suggests
that zebra mussels are likely to extend much further south into the freshwater drainage
systems of the United States than has been previously estimated based on available
information on the temperature tolerance of northern European zebra mussel
populations  Electric Power Research Institute, 1992; McMahon, 1990, 1992; Strayer,
1991!. Indeed, D. polyrno~ha has already been reported to have invaded the waters
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of the lower Mississippi River as far south as New Orleans  Zebra Mussel Information
Clearinghouse, 1993! where it appears to be successfully reproducing in areas with
summer surface water temperatures approaching 30 C  T.H. Dietz, personal
communication!. The capacity of north American D. polymorpha to survive 30'C
 this study; McMahon et al., 1993! strongly suggests that this species will not be
restricted by elevated ambient temperatures in its invasion of North American
freshwater drainages in all but the warmest regions of the southwestern United States
and Mexico �Vater Atlas of the United States, 1973!.
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Intr u ti n

Surface chemical and biophysical approaches to control of zebra mussel prevention
and release include study of  a! the early interactions between organisms  veligers and
adults! and different substrata, particularly the interface between the byssus disk and
the substratum,  b! the protein-rich "conditioning" films that form on different
substrata prior to veliger and adult attachment, and  c! the adhesives produced by
zebra mussels to attach to all types of substrata.

It has been known for year that bioadhesives associated with marine organisms like
tubeworms, barnacles, and mussels initially set under water and can sustain their
adhesive bond strengths in the face of significant detachment forces, as well as long-
term weathering. Since l988, Dreissena polymorpha has been, after its earlier
introduction into the Great Lakes from Eastern European sources, causing extreme
difficulty to power plants, municipal water supplies, and marina facilities because of
its tenacious adhesion to essentially all underwater solid substrata. Our laboratories
and others have been analyzing zebra mussel discs, as well as bioadhesive proteins
from other systems  e.g. Mussel Adhesive Protein, MAP, from the New England
Blue Mussel, and proline-rich proteins isolated from human saliva!' to identify the
bonding mechanisms for these natural products. Infrared spectroscopic, electron
microscopic, and related test data show all these bioadhesive agents to be
predominantly glycoproteinaceous substances that can spontaneously dehydrate and
bond with various substrata during a surface-active displacement process. Glands in
the zebra mussel foot apparatus secrete cement precursors that sequentially engulf
bacterial/biofilm debris into the bulk byssal disc phase' and then "cure" to form tough
adhesives at all the solid/liquid boundaries. Spontaneously predeposited
"conditioning" films are the required "primer" coats for these bioadhesive substances
to be effective in natural ecosystems.

The cements are gently DOPA-rich  dihydroxyphenylalanine! and
glycoproteinaceous; the best characterized so far are from the common blue sea
mussel.' Our comprehensive contact angle results suggest that display of a specific
"surface polar fraction" of the chemical groups dictating the total surface free energy
may be one of several physical-chemical requirements for underwater adhesion.
Films formed from the repeating decameric fragment of MAP, and its smaller
peptides, illustrated that exposure of H-bonding backbone sites probably also
contributes to MAP's bioadhesiveness.~' Waite and associates have found the zebra
mussel adhesive precursors to require different solubilization protocols and to be more
diverse than the blue mussel adhesive precursors.' Bonner and associates have shown
by transmission electron microscopy that the precursor substances may reside in
separate micron-size granules.' Work now in progress in Bonner's laboratory, using
enzyme histochemical stains at the ultrastructural level to elucidate the segregation of
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the precursor substances, will be correlated with light microscopic histology of the
glandular products observed by our group and the related surface chemistry of these
granules.

Since their first review of this topic in 1968', Baier and coworkers have increasingly
focused on the identification, prediction, and control of the earliest events in the
processes of biofouling; specifically, adhesion of living organisms to engineering
materials in underwater environments. Prevention of biological fouling  and its
numerous adverse consequences! does not require use of toxicants such as heavy
metal compounds or chlorinated agents, according to results of these studies. Rather,
physicocheinical control of the original surface properties of biornaterials � without
compromise of their engineering strengths or design functions � can induce the
formation of "weak boundary layers" that allow prevailing shear/inechanical forces to
shed thickening fouling deposits. Spontaneous spalling and re-entrainment of fouling
mass allows consequent extended function of the biomaterials with no toxic risk to the
surrounding environment. Materials with "critical surface tensions" between ZG and
30 mN/m are the ones least retentive to biofouling. A review presented in M,~n

984 p p

Additional work in a variety of test systems has since illustrated an apparently
universal sequence of the earliest biofouling events. Spontaneous deposition of a
primer film, named the "conditioning" film, precedes colonization of pioneer bacteria
and their secretion of cellulosic slimes. The rates or speeds of these events are
concentration dependent, and account for the variable, but previously obscure,
"induction periods" where conventional engineering inspections fail to detect any
fouling activity. It required the use of very sensitive, molecular-level biosurface
analytical techniques to obtain the required "induction period" data under relevant,
ambient flowing conditions.'" Manifolds of inexpensive field flow cells were
employed at a large number of field sites, including an Atlantic cruise on the USNS
Lynch  T-AGOR-7} that demonstrated microfouling differences associated with
differing oceanic regions." These and other configurations of the flow cells'~"
allowed assessment of thermal gradient influences and/or heat transfer measurements
simultaneous with rnicrofouling assays, as described in a 1988 update, >8~ni:

An important convergence of results was noted when materials of varying composition
and controlled "critical surface tension" were employed to advance the understanding
of bioadhesion in a variety of other biological environments, including blood, tissue,
culture, animal and human implants, and the human oral cavity."" These and related
data on fouling film formation in the wider variety of biological systems  pure
protein, saliva, milk, seawater! suggest these fundamental and general bioadhesion
principles:"
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~ Similar "conditioning" film compositions can still express surface properties
that differ as a function of pre-exposure material substratum properties, and

~ on a given substratum, the "conditioning" film changes as a function of time
and varying mechanical forces.

~ Subsequent biofouling deposits delaininate at differing locations or "planes
of parting"  planes of failure!, also as functions of pre-exposure material
substrata surface properties  particularly their critical surface tensions!, as weH
as functions of mechanical forces and exposure time.

~ Increased shear forces during initial biofilm formation and subsequent
maturation can significantly reduce the expressed surface energies and increase
the packing  apparent densities! of the retained films.

When work by others explored how adjustment of each substratum material's critical
surface tension correlates with retention of strengths of attached marine organisms,'
Baier's earlier observations of a "zone" of minimum bioadhesion were confirmed. A

caveat to keep in mind is that rate of fouling attachment is not a good predictor of
strength of fouling adhesion.~ Because most low-surface-energy materials also are
hydrophobic, they become fouled more quickly than do higher-energy, usually
hydrophilic materials. The ~~n of fouling adhesion, however, is sufficiently
weak to allow easy detachment only from those few low-surface-energy materials
 either hydrophobic, like methyl silicones, or hydrophilic, like dolphin skin~!. The
low-surface-energy materials do not allow maturation of the initially formed---
usually hydrophobic -- bonds to the high-strength levels characteristic of dipole-
dipole or hydrogen-banded systeins. Thus, there is a significant limitation to the
proper use of the phrase "fouling-release" !

In addition to ongoing basic research studies, we are now evaluating fouling-release
coating systems that are designed to reduce the expense of maintenance, re-coating,
and disposal, as weH as to preserve worker health and environmental quality.
Coatings are being evaluated in a study of  a! approximately 15 formulations for
control of zebra inussel infestation of power plant intake tunnels and other structures;
this is the NMPC-sponsored project,  b! 3 related systems, as well as solid
polyethylene, for minimization of mussel blockage of trash racks
 Gilbert/Commonwealth project!, and  c! diverse formulations for control of marine
biofouling of ships  ONR project!. The methods recommended from our laboratory
results for the routine evaluation of these coatings, and presentation of results of
freshwater field testing, are the focus of the remainder af this paper.
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The analytical methods and apparatus used in these studies have been described in
detail before.~" Briefly, comprehensive contact angle analysis, as originally
described by Young," is an affordable, sensitive, and reliable method of monitoring
the adhesive properties of any coating. A large body of data has been accumulated
and a substantial literature exists correlating contact angle data with surface properties
of many coating resins and polymer films." Contact angle measurements characterize
only the outermost 4-5 Angstroms of a sample, thus providing the inost relevant and
surface-specific analysis of the material as it is exposed to the real environment. The
"critical surface tension"  gamma-c!, derived from a graph of the contact angle data
called the "Zisman plot", relates the surface tensions of a variety of diagnostic liquids
to the cosines of the angles the liquid droplets make with a given coating surface.
When nonsolvating and nonsweHing wetting liquids are used, the intercept of the plot,

Q as the critical surface tension, empirically and reproducibly characterizes the
coating's real surface. Successful fouling-release materials have gamma-c's between
20 and 30 mN/m; the very best performance is for materials with gamma-c's between
20 and 27 mN/m. This is the required "first-level" descriptor for good v. poor
fouling-release performance. Water contact angles, alone, are insufficient, and often
misleading with regard to fouling performance  especially over the long term!.

A simple brush shear test also is suitable to evaluate the ease of fouling removal,
especiaHy when brush-based removal apparatus will be used in the field. This test is
performed on small coupons removed from field test racks, and is a good indicator of
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Internal reflection infrared  IR! spectroscopy" is a simple and powerful technique
for learning the chemical composition of coatings and their transferrable residues.
For thick-layer materials, the sampling depth of the technique ranges from
approximately one micrometer  for nonabsorbing materials!, to as little as 1000
Angstroms for absorbers. Superficial residues, as little as 10-15 Angstroms in
thickness, are easily detected by re-analysis of the internal reflection test plate after
removal of the primary coating sample. The method is nondestructive, so it can be
applied as an early step in many combined test protocols. For fouling-release
coatings, the amounts of silicone  or other materials! transferred to the test surface via
pressure-contact is an excellent indicator of the presence of elutable or releasable
components  e.g. oils! in the sample. Fouling-release coatings loaded with such oils
may not be as environmentally acceptable as those that are free of such migratable
components and may not perform as well as unloaded coatings in the long-term. The
relative quantities of releasable ingredients provide "second-level" descriptors for
discriminating among coatings having critical surface tensions between 20 and 27
mN/m. The values given in the data table here are "infrared absorbance units", and
are directly proportional to mass.



both the absolute and the relative performance of fouling-release coatings. Field
evaluations include enumeration of retained zebra mussels after the panels are rinsed
with a hose at 25 psi from a distance of approximately 6 inches. Other studies have
utilized a "water jet" oral hygiene device for rinsing small rod samples." The trash
rack study utilizes a higher-pressure rinse underwater �000 psi rating out of water!.
During the brush shear test, the biofouling and the brush are wet. The brush, alone
� lg!, is drawn 5 times down the length of the fouled test plate, and an observation is
inade as to whether any fouling has been removed. The process is repeated with
increasing load  addition of 1, 3, 5, 10, 20, 30, 50, 100, 150, 200, and 250g!, until
+ visible fouling has been removed. A value of " ! 250g additional load" is assigned
for sainples that are not clean by the end of the test; 300g is used for these samples to
determine averages and standard deviations during the entire fouling period. Typical
removal pressures  equivalent static pressure! range from 15 to 50psi for fouling-
release coatings.

A rotating brush abrasion test is performed on pre-exposure coupons to evaluate
their abilities to resist cleaning-related damage. We have found that routinely applied
and accepted wear and abrasion tests  e.g. ASTM falling sand test! do not as well
reveal the susceptibility to brush-induced wear of elastomeric fouling-release coatings.
Average depth of wear is determined for coatings abraded by nylon brushes for up to
145,000 brush strokes. The brushes are loaded with a mass of approximately 270g.
The test is directly relevant, in that it employs the brushing forces that must be
applied during field cleaning and maintenance procedures. Determination of the worn
coating's new operational critical surface tension is key to knowing how long the
coating will maintain its fouling-release character after being abraded.
[Comprehensive contact angle analyses of abraded samples are in progress; results are
not included here.]

Held sites for the NMPC project are located at the Dunkirk Steam Station on Lake
Erie and at the, generally, mussel-free Oswego Steam Station on Lake Ontario. The
test panels have been in place since January 1992. The Oswego test racks will be
transferred to a hydrostation on the Oswego River in Spring 1994 where zebra inussel
infestation is reported to be moderate to severe. At Dunkirk, eight test racks  each
carrying up to 5 steel and 5 concrete panels  8" x10"!, as well as numerous 1 "x3"
coupons! are deployed through openings in the deck of a shoreline screenhouse. They
are suspended from a support frame by stainless steel cables. The tops of the racks
are approximately 5 feet below the water surface. Each rack includes one control
steel and one control concrete panel. At the Oswego station, eight racks have been
suspended from steel cable placed above and across a forebay, outdoors; the panels
are at a depth of approximately 12 feet, at mean lake level. The test racks for the
Dunkirk and Oswego trials were constructed by King Consulting, following a design
found useful by Stone & Webster" and others in the past. The 8"xl0" panels are
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evaluated at regular intervals by Lawler, Matusky & Skelly Engineers  LMS
Engineers! for zebra mussel infestation � evaluations in Year 1, 4 evaluations
annually in Years 2-4!. Our University at Buffalo team periodicaHy retrieves sets of
the small coupons for more extensive laboratory evaluation � sets retrieved in Year
I, 2 sets retrieved annually in Years 2-4!.

Trash rack coatings are being examined at NMPC's hydrostation on Glenwood Lake,
near Medina, NY. The trash racks are in normal-use function at the plant, having
been coated and installed in early 1993. The racks are inspected by a diving team on
a semi-annual basis for coating integrity, extent of fouling, and ease of cleaning  by
both mechanical rubbing and hydroblasting!, with underwater videotaping of the rack
conditions and cleaning results.

Criteria for coatings to be included in these field trials are  a! absence of toxic
components  i.e. heavy metals and/or biocides! and  b! critical surface tensions in the
range between 20 and 30 rnN/m. On occasion, coatings meeting the first criterion,
but "borderline" on the second criterion, are evaluated when another advantage �-
such as wear resistance � is apparent. These borderline" candidates have generally
performed poorly in both freshwater and seawater fouling exposure trials. Table 1
presents the coatings being tested in the NMPC project. Controls at Dunkirk and
Oswego include uncoated 8" xl0" cold-rolled steel and concrete panels. Trash rack
coatings include two methyl silicones and a material that was requested to be, and
represented to be, a fluoropolymer by its supplier; upon analysis, the latter coating
was found to be fluorine-deficient and turned out to be a polyvinylchloride-like
material with a critical surface tension of 31.1 mN/m. A solid, black  filled!
polyethylene trash rack  critical surface tension of approximately 32 mN/m! also is
included in the study due to its reported durability, light weight, and claimed fouling
resistance. The control for the study is a metal trash rack overcoated only with an
anticorrosion primer.
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Zabli&
Coatings Under Evaluation for Zebra Mussel Control

 NMPC Project at Dunkirk and Oswego!

Pre-Exposure Characteristics
yc  mN/m! % Polarity Si-CH, residue~ Wear  .001"!

Type and
Code ¹

lou~
sil.'91 [no AC]
silicone '93

fluoro-

amine

24.4

23.0

24.9

32.4

30%

4%

26%

44%

.027

 .003
�.3

�.3

�.3

<0.3

HIGH30 �.3

HIGHn �0 �.3

~ values listed are inpared Absorbance units
TBD: to be determined

AC: anticorrosion

silicone not a component
Wear: average ager 145,NO brush strokes

2SO

I

2 3 4 5 [no AC
6 7 8 9

10

24.9

23.5

23.0

22.5

coat! 27.1
21.3

22.2

21.9

23.5

21.6

16%

12%

12%

TBD

5%
12%

19%

8%

18%

14%

.028

.017

.006

.009

[mineral oil]
[mineral oil]

 .003

.003

 .003

<0.3

0.3

1.3

TBD

�.3

6.0
9.0

3.3

�.3

0.3
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During the first year of immersion of the coated trash racks at the Glenwood Lake
site, it was clear that the silicone-based systems with the appropriate critical surface
tensions remained intact and able to easily release the few attached zebra mussels with
minimal mechanical force  handwiping or ~ater spray!, leaving no byssal structures
behind. The zebra rnussels attached  to the stage of complete flow occlusion! to the
polyethylene rack could be removed by approximately 2OOO psi water blasting, but
only at the level of the mollusc shell; the byssal threads and bound bases were left
behind on the trash rack. Zebra mussel attachment to the polyvinylchloride-like
coating was equally tenacious. The polyvinyl-coated rack is, interestingly, at the
center of the inflow structure, where water velocity and shear forces available for
natural mussel detachment are the highest. Thus, natural shear-force differentials are
not responsible for the differences in zebra mussel colonization of the 4 trash rack
materials. The AC-coating-only control rack was fouled to the same extent and
tenacity as the polyethylene and polyvinyl-coated racks. This field trial is continuing
through 1994.

Results from brush shear tests of coupons retrieved from the Dunkirk and Oswego
sites are summarized in Table 2, along with relative zebra mussel infestation grades
for the larger steel and concrete panels at the Dunkirk site. Numbers of zebra
inussels present at the Oswego site were not high enough to calculate statistically
significant differences during the first two years of exposure, although qualitative
patterns were the same as at the Dunkirk site. Statistical analyses of post-rinse zebra
mussel retention on all panels have been completed by LMS Engineers and have been
submitted for review by NMPC; these results will be published elsewhere. It is
emphasized, here, that the brush shear test is an evaluation of the force required to
remove QI visible fouling, everything from slimes to macrofoulers. It is not
surprising, then, that brush shear test results and relative zebra mussel infestation
grades are not totally congruent for samples from the Dunkirk site. As a practical
observation, the two candidate coatings that were supplied without anticorrosion
undercoats in 1991 were self-eliminated from further evaluation by corrosion of their
steel panels and coupons, which made evaluation of the extent and adhesion of
biofouling nearly impossible.

Another practical observation is that, during the first two years of immersion, the
silicone-based coatings containing exuding oils  as gauged by field observations, as
well as by press-contact residue of methyl silicone in infrared spectroscopic analyses!
had superior resistance to mussel colonization over non-oily and more abrasion-
resistant silicone coatings. However, although mineral-oil-releasing silicone coatings
produced good results in terms of resistance to zebra mussel infestation, the brush
shear test results  removal of all visible fouling, Table 2! for the same materials do
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The epoxy-based coatings immersed at Dunkirk and Oswego in January 1992 are very
tough, abrasion-resistant materials, but field and lab results demonstrate that they are
not good fouling-release materials. Two of the three epoxies immersed in 1992 had
initial critical surface tensions in the "bi~hesive" zone, but were badly fouled within
one year. The arnine-epoxy had an initial critical surface tension of approximately 32
mN/m, and "failed" the fouling-release evaluations within one year. In terms of
retained numbers of zebra rnussels after rinsing with water from a hose at 25 psi, the
fiuoroepoxy and amine-epoxy remained more infested than the uncoated steel and
concrete control panels.

A revised formulation of the silicone-epoxy was provided in 1993  coupons only! and
placed on the test racks at both sites; these samples were protected with an
anticorrosion undercoat, but it is too early to teil if this will lead to longer term
efficacy.

Figures 1, 2, and 3 present the brush shear test data for three of the siliconMased
coatings. Figure 1  coating ¹2! demonstrates good fouling-release at both sites
throughout the test period. Figure 2  coating ¹1! indicates improved performance
after the first few months of exposure; perhaps the coating and the overlying
proteinaceous conditioning film changes as a function of immersion time. Figure 3
 coating ¹9! shows the site-specific differences that were noted for several of the
coatings [refer to Table 2].

Figure I
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Results of Brush Shear Test for Coating ¹2, a commercially available
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Figure 2

Figure 3
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Most of the coatings and materials described here were selected for field testing
because their initial critical surface tensions were between 20 and 30 mN/m, the range
demonstrated by Baier and colleagues to minimize biological adhesion." A few
materials had critical surface tensions greater than 30 mN/rn and, without exception,
these have performed poorly in these field trials and elsewhere. Although not
described here, seawater trials of coatings having critical surface tensions less than 20
mN/m also fail, again confirming prior findings � � biofouling of very-low-energy
fluore~n materials is extensive and tenacious. Leitch, et al. presented similar
findings from a 2-year study in freshwater. As noted earlier, the critical surface
tension criterion is thus considered to be a required "first-level" descriptor for good
v. poor fouling-release performance. The reasons for failure of some coatings
initially within the required critical surface tension range  e.g. the fluoroepoxy! are
unknown, especially since Dexter showed consistent minimal fouling with variously
fluorinated polymers meeting this same criterion." Current experiments focus on
interfacial mechanics and molecular dynamics as factors that may address these
issues. Initial surface polarity inay also play a major role; the two 1991-vintage
epoxies with low critical surface tensions had very high polar fractions, considerably
greater than any of the silicone-based coatings [see Table I!. This may signal the
presence of surface-bonding sites that could increasingly strengthen the biofouling-to-
coating interfacial zone. The revised siliconeepoxy coating  immersed in l993! has
been exposed for too short a time to allow direct comparison with the others.

Although it is clear that silicone-based coatings that contain exuding oils are superior
in resisting mussel colonization during the first two years of immersion at the Lake
Erie and Lake Ontario sites, longer-term performance is yet to be determined. There
is some evidence froin field studies of similar coatings in seawater environments that,
upon conclusion of active exudation, these coatings lose their advantage over other
methyl-silicone-based materials. With regard to non-oily silicones, there is anecdotal
evidence indicating that these coatings can improve their fouling-release performance
with increasing immersion time. The improvement may be due to changes  e,g.
hydrolysis! of the coating surfaces; our research group and others currently are
pursuing this hypothesis in controlled, laboratory experiments. Preliminary evidence
of such surface hydrolysis recently was presented at the annual meeting of the Society
for Biomaterials." We also are evaluating the hypothesis that lipid/oil uptake from
attached biomass or from the environment mia, with time, convert the oil-free
silicones to easier-release oil-containing versions.

The results presented here for the field studies at Dunkirk and Oswego indicate the
advantage of one main group of coatings over all others. The mechanical forces
required to remove all visible fouling from these coatings are extremely low; less

285



than 100g normal force �6 psi equivalent static pressure! in the lab-based brush shear
test and 25 psi in the field-based hose rinse test. The "second-best" group of coatings
required an average of between 200 and 260g normal force in the brush shear test to
remove all visible fouling, translating to an equivalent static pressure of only 40 psi or
less. Considering that some of the "second best" coatings offer tangible benefits of
increased wear resistance and the absence of exuding oils, perhaps they are not really
out-performed by the first tier of coatings. Again, long-term irnrnersion and fouling
retention data are required before the most advantageous "mix" of pre-exposure
properties can be determined.

Some of the coatings being evaluated in the current study are commercially available,
others are still in the development stage. It is important to note, however, that the
vintage of all of the coatings discussed here is late-1991  NMPC project! and late
1992  Gilbert/Commonwealth!. Pre-exposure analyses of, reportedly, "the same"
coatings in these and ONR-sponsored projects over the past 3 years reveal that
manufacturers are making changes to their products. As a result, care must be taken
in comparing different published reports of coating perforinance. It is not apparent
that all changes result in improved performance. Quantitative surface analyses of pre-
exposure sainples are the best way to know what the material is before great time and
expense are spent in the field.

Based on field trials of three major types -- immersed test panels of coated and
control steel and concrete, coated and uncoated metal and plastic trash racks, and
flow-controlled coupon analyses at 6 different freshwater sites � it is demonstrated
that methylsilicone-based coatings having critical surface tensions between 20 and 30
mN/m allow easy mechanical detachment of zebra inussel infestations over a 2-year
period. The predominant mechanism in the attainment of this excellent result with
nontoxic, nonpolluting coatings is the inability of the glycoprotein-based biological
ceinents to develop secure bonds with low-energy, low-polarity surface layers.

Coatings which, in addition, contain elutable oils display an apparent further
resistance to initial colonization by zebra miussel, but this result is obtained without
benefit to the brush-removal forces required for coating cleaning, and with a penalty
regarding coating abrasion resistance during such brushing. A brush shear stress
between 15 and 50 psi is sufficient to completely remove biofouling from these panels
and coupons  exposed to the full range of naturally complex, diverse, and variable
field conditions! without loss of coating integrity. These results auger well for the
eventual substitution of these nontoxic coatings, with a designed periodic cleaning
cycle, for the currently deployed toxic coating systems or those that require adjunctive
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use of chlorination to control zebra mussel infestations.

Future work must identify the optimal field lifetimes for these systems, including their
anti-corrosion undercoats for steel structures. Future work must also address their
entire life-cycle costs with regard to application requirements  e.g. substrata
preparation, weather conditions!, freedom from environmental or occupational hazards
 e.g. volatile organic components, elutable components!, and removal and re-coating
charges  e.g. disposal of sand-blast residues, or needed primer layers!. It is obvious
that the intrinsic freedom from toxicity of the fouling-release topcoats, themselves,
will minimize the costs and concerns in many of these areas.

Different aspects of the work reported here were supported by Niagara Mohawk
Power Corporation, New York Sea Grant Institute Project R/EMS-2, and Office of
Naval Research Grant N00014-89-J-3101. The long-term field tasks at, Dunkirk and
Oswego could not have been accomplished without the important contributions of
Edward Neuhauser  NMPC/R&D!, Robert Brombos  NMPC/Dunkirk!, Thomas
Coates  NMPC/Oswego!, John Matousek  LMS Engineers!, John Dembeck  LMS
Engineers!, and Raymond King  King Consulting!. Thanks are due to James
Knowlton and Rudolph Wahanik  Gilbert-Cominonwealth, Inc! and Richard Tetrault
 NMPC/Medina! for their guidance in the trash rack study. In addition, Thomas
Bonner  SUNY/Brockport!, Kevin Robison  NYSE&G/Soinerset!, Paul Sawyko
 Rochester Gas & Electric!, and Richard Tetrault are thanked for their participation in
the flow cell field work.
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Abstract

ln response to the Nonindigenous Aquatic Nuisance Prevention and Control
Act of 1990  Public Law 101-646! the U.S. Ariny Corps of Engineers initiated a
program to develop methods and strategies to control zebra rnussels at public
facilities. Research is being facilitated by working groups that deal with the foHowing
structures: 1! locks and dams; 2! vessels and dredges; 3! power facilities; and 4!
reservoirs, water intakes, gages, and pumping stations. Each working group consists
of individuals with expertise in zebra mussel control, biology and ecology of zebra
mussels, and design, construction, or operation of the facility of concern.

A central theme to the research is demonstration projects conducted at specific
facilities along waterways. Findings from laboratory and field research are being
further tested with these demonstrations. This paper describes three demonstration
studies: 1! the use of water drawdown to kill zebra rnussels at Black Rock Lock on
the Niagara River, New York; 2! the use of a copper-containing epoxy coating to
protect a tugboat used in the Great Lakes near Detroit, Michigan; and 3! installation
of a chlorine injection system for zebra mussel control at hydropower plants along the
Cumberland River, Tennessee.
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Introduction

Zebra mussels  Dreissena polymorpha!, first reported in North America in
1988  gl, have rapidly spread throughout waterways of the United States, mostly
via commercial navigation traffic  g2. It is likely that this species will negatively
affect many facilities in the inland waterway system. The U.S. Army Corps of
Engineers  USACE! inaintains and operates 195 locks, 75 hydropower stations,
461 reservoirs, and 2,260 vessels and dredges. With the exception of those in
brackish waters, many are susceptible to zebra mussel infestations,

In response to the Nonindigenous Aquatic Nuisance Prevention and
Control Act of 1990  Public Law 101-646! the USACE initiated a program to
develop methods and strategies to control zebra mussels at public facilities.
"Public facilities" includes locks, dams, reservoirs, commercial dredges and vessels,
as weU as non-Corps structures such as intakes for power generation, potable
water, and sewage treatment. Research was designed to develop new and
evaluate existing zebra mussel control methods and strategies, and study the
biology and ecology of this pest species. Studies are being conducted at the U.S.
Army Engineer Waterways Experunent Station  WES! in Vicksburg, Mississippi,
and the U.S. Army Constructioa Engineering Research Laboratories in
Champaign, Illinois,

Laboratory studies are being conducted on the effects of reduced and
elevated temperature and hunudity on the duration of aerial exposure needed to
kill zebra rnussels. Attachment strength of inussels to different types of materials
is being analyzed. Chemicals, coatings, and cleaning techniques are being
evaluated. Field studies on environmental impacts to native biota, zebra mussel
density, growth rates, and demography of newly established populations are under
way.

Multidisciplinary Working Groups

In September 1991, the USACE held a planning meeting on zebra mussels
in Fort Mitchell, KY. Over 50 scientists and engineers with experience in the
design, operation, or maintenance of locks, dams, and reservoirs attended. The
purpose was to identify facilities and structural components likely to be affected
by zebra mussels. In addition, attendees prepared a preliminary list of strategies
to deal with infestations. A summary of the meeting was prepared that provided
the basis for further research  g3.

Following that meeting, four working groups were formed to deal
specifically with facilities of concern. The approach was based on programs
developed by Ontario Hydro and the U.S. Coast Guard. Facilities subject to
infestation and of concern to the USACE were placed into one of four categories:
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1. Locks and dams;
2. Vessels and dredges;
3. Power facilities; and,

4, Reservoirs, water intakes, gages, and puinping stations.

Each working group consisted of individuals with expertise in zebra mussel
control, biology and ecology of zebra mussels, and design, construction, or
operation of the facility. A typical working group consisted of 20 members and
had representation from academia, state agencies, inunicipalities, Canada, the
U,S, Army Corps of Engineers, or other Federal agencies. Continuity among
groups was ensured by having representation from WES at all meetings, Working
group members were tasked with the same two objectives of the 1991 planning
meeting; 1! identify cotnponents of the facility susceptible to infestation and, 2!
devise environmentally sound strategies to control zebra mussels.

For example, working group meinbers that dealt with navigation locks
identified two particularly vulnerable components. These were gage wells used to
house water-level sensing equipment, and raw water systems used for fire
protection. The working group recommended the following to protect raw water
systems:

~ Ensure that the system is truly stagnant.
~ Install screens over the entrance of intake pipes.
~ Periodically treat with chemicals.
~ Switch to chlorinated water if possible.
' Periodically drain and inject steatn or hot water

The group recommended that gaging wells be inspected frequently by
deploying inexpensive monitoring devices such as ceramic tile, concrete blocks, or
PVC plates suspended from rope or cable that could be easily removed for
examination. The interior of gaging wells could be treated with small amounts of
chlorine. The pipe that enclosed meters or led to raw water could be treated with
an anti-foulant coating.

Meetings that dealt with other facilities were structured in a similar
inanner. Group members with knowledge of each facility identified components
of concern and recotnmended methods and strategies applicable to each.
Recommendations included use of antifoulant paints and biocides, installation of
screens, pigging  cleaning a pipe with a mechanical device!, and treatment with
desiccation, hot water, or steam.

Groups meet once per year, and individuals recommend methods and
strategies for specific facilities. Recommendations are based on results of



government research as well as findings from the U.S, Coast Guard, Ontario
Hydro, academic institutions under contract to WES, and others studying zebra
tnussels. Between 1991 and 1994, more than 275 individuals have participated in
these working groups tneetings  Table 1!.

Demonstration Studies

An important component of the Corps' zebra mussel program are
demonstration projects. These are designed to apply findings from previously
conducted research to a specific facility. In addition to determining the efficacy of
control strategies or methods, information on cost, environmental compatibility,
and application methods is obtained. The following is a brief summary of these
demonstrations.

Note: The contents of this paper are not to be used for advertising,
publication, or promotional purposes. Citation of trade names does not constitute
an official endorsement or approval of the use of such products.

Freezing to Kill Zebra Mussels at Black Rock Lock

Laboratory studies have shown that zebra mussels are relatively intolerant
to aerial exposure at subfreezing temperatures �g. For example, the LT ~~ values
of rnussels exposed to air at -10.K, -7.5'C, and -5.K approxitnately equal 1.5,
2.0, and 5,0 hours. As temperature increases to approximately -1.5'C to O.QC and
rnussels are exposed in clusters instead of as individuals, survival time increases to
�8hours. Even in cold climates, during winter dewatering of a facility, it is
possible that factors such as occasional warming of air, leaking water and ice
formation, and clustering of tnussels will increase tolerance tiines over those
observed by McMahon et al �g for individual mussels in the laboratory.

In January 1994, studies were conducted during winter drawdown of Black
Rock Lock, U,S. Army Engineer District, Buffalo, in Black Rock Canal  a side
channel of the Niagara River in Buffalo, New York! to determine tolerance times
and exposure conditions of zebra mussels. Constant recordings of air temperature
were made at the top of the lock chamber during dewatering and at the bottom of
the chamber after dewatering was complete. Zebra mussel samples were
collected along a vertical transect down the lock chamber wall just as dewatering
was nearly complete, and then approxitnately 18 hours later, Mussels were
brought indoors, the shell length of each was measured, and gently probed �g to
determine if they were alive.

Near the end of the dewatering process, a cold front moved through the
area and air temperatures dropped froin near freezing to less than -10,VC within
24 hours. This blast of sustained subfreezing air rapidly killed all rnussels on the
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chainber wall, Usually there was close agreement between mortality observed in
this field demonstration and the laboratory studies,

This lock had also been dewatered for maintenance and inspection during
January and February 1992. Air temperatures had remained moderate, with
frequent warming above freezing during that dewatering. The Lockmaster
reported a slower kill of mussels in previous years than was observed in 1993
 Gary Dye, personal communication!. Nevertheless, samples taken frotn outside
the chamber  i,e.,at a location never exposed to air! and inside the chainber in
January 1994  i.e,, exposed to air in early 1993 and again in early 1994! clearly
indicated the general effectiveness of the first winter drawdown. Only settlers
from the 1993 recruitment cohort occurred in the lock chatnber, whereas the
population outside the lock chainber consisted of three cohorts.

In suitunary, even very brief exposure  �4hours! to air �'C is an
effective method of controlling zebra mussels. Sustained winter drawdown
 several weeks! is sufficient to control inussels even if subfreezing temperatures
are not consistently sustained.

Use of a Copper-Containing Kpoxy Material to Protect a "Bay Class" Tug from
Zebra Mussel Infestations

In March 1992, the U,S. Army Engineer District, Detroit protected the hull
of a "bay class" tug, the Tawas Bay, from zebra mussel infestations. The tug is 45
feet long, with a beam of 13 feet and a draft of 7 feet, It is used as a vessel
tetider or in support of larger tugs for strike removal and repair operations in the
Detroit and St. Clair Rivers, Michigan. In 1991 it was operated for 70 to 80 days.

The Ta~as Bay was coated with EPCO-TEK 2000 trn! which is produced
by the Hi-Tek Chemical Corporation, Hernpstead, New York. The material was
applied by Quality Marine Finishers, Mobile, Alabama. The coating is made by
mixing epoxy with copper powder, wetting agents, and other materials to produce
abrasion resistance and fiexibility. The resultant paint is sprayable, hard, smooth,
scratch-resistant, flexible, barnacle and mollusc repelling, and nontoxic, It also
acts as a water-diffusion barrier. In addition to protecting the hull from zebra
inussels, this coating will decrease friction in the water, thus increasing fuel
efficiency.

Prior to application, the tug was completely sandblasted below the
waterline to remove old paint and other foreign material, A high-profiled surface
was produced by using 12/20 grit media. Immediately following sandblasting the
surface was cleaned to remove all dust, since the antifoulant paint ultimately
accentuates marks or unevenness  unfairness! in the substrate because of its
enamel-like finish. After the surface was cleatied, a primer was applied. This was
a low-viscosity 100% epoxy undercoat, with high "wicking" characteristics. As soon
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as the primer became tacky, a single undercoat, which was a thick epoxy that gave
an enamel-like finish, was applied to a thickness of 0.0006 inch,

The tug was then painted with five coats of the epoxy/copper coating, The
first coat �.001 to 0.002 inches! consisted of a thinner mixture �5% more than
the usual amount of solvent was added!, The second coat �,005 to 0.007 inches
thick! contained 15% additional solvent. Each new coat was applied within 30
minutes. The next coat was applied whenever the previous coat felt tacky, The
final thickness was approximately 0.017 to 0.020 inches, The painter attempted to
achieve a slightly higher thickness on the stern of the vessel to protect the vessel
from abrasion caused by sediments stirred up by the propeller.

Oevelopment of a Zebra Mussel Control Strategy
for Hydropower Plants

Personnel of the U.S. Army Engineer District, Nashville, developed a
strategy for controlling zebra mussels at the District's power stations. Two aspects
were central to the development of this strategy: 1! keeping the facilities
operational regardless of zebra tnussels and 2! implementing environmentally
sound strategies that would meet the goals of the National Environmental Policy
Act.

The Cheatham Project was the sixth of nine projects with hydropower built
for the Nashville District. It was completed in 1960 as a navigation and
hydropower project. The plant is a low-head design with three 20,000-horsepower
vertical shaft kaplan  propeller-type! turbines with a design operating head of 22
feet. The generators are 3-phase, 60-cycle, 13.8-kv units rated at 13,333 kva and
60 rpm.

As is typical with hydropower generators and turbines of this design, excess
heat is removed from turbine bearings, generator bearings, and the generator
windings by raw water-cooled heat exchangers. The water for the heat exchangers
is drawn from the river, circulated, and returned to the river. Much of the piping
for these systems is embedded in concrete and has sharp bends. This dependence
on raw river water for cooling the critical generator and turbine components
makes Cheatham and other hydropower plants particularly vulnerable to the
effects of zebra mussel infestations. Left unprotected, the Cheatham hydropower
plant could be completely shut down due to fouling of the raw cooling water
plpUlg.

In the spring of 1992 the District developed a design for chlorine injection
systems that would be installed at raw water systems at all USACE hydropower
plants in the District. The principal system components are 1! a variable rate
chemical injection puinp that feeds the chlorine into the raw water system at its
source; 2! storage tanks designed to hold a 30-day supply of chlorine; 3! an
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analyzer that measures chlorine concentration in the discharge water and
automatically signals a program logic controller to adjust the chemical feed pump
to maintain the desired chlorine concentration, and 4! a control panel containing
a strip chart recorder which continuously records chlorine concentration in the
discharge water.

In the summer of 1992 a contract was let with Prominent Fluid Controls,
Inc., of Pittsburgh, Pennsylvania, for the fabrication and installation of chlorine
injection systems for the raw water piping systems for Cheatham and Barkley
Power Plants, Installation of the systeins has been completed, and they are
currently undergoing final tests.

When veligers are detected at the plant, the chlorine injection systems will
be activated. Initially, the system will be operated to produce continuous total
residual chlorine at the raw water system discharge point of 0.5 ppm. However,
personnel at Cheatham Power Plant will experiment with different concentration
levels and injection intervals to determine a suitable protocol for their plant,

In addition to the technical aspects of zebra mussel infestation control, the
environmental aspects must also be considered. At the same tiine the chlorine
injection systems were being designed and installed, an Environmental Assessment
was being conducted by personnel of the Nashville District and the Tennessee
Valley Authority for all power generation facilities being operated by both
organizations. During the process of conducting the Environmental Assessment it
was determined that Cheatham Power Plant would be required to obtain a
National Pollution Discharge Elimination System  NPDES! permit froin the State
of Tennessee to operate the chlorine injection system. The permit applications
have been submitted and are now being processed. In the event that an
infestation begins prior to approval of the NPDES permits, it will be necessary to
request interim permission from the State of Tennessee to operate.

Having protected its most vulnerable component, the cooling raw water
systems, Cheatham Power Plant is now prepared far zebra mussel infestations.
However, attention must also be given to the many other system components that
will be affected. Unlike the raw water systems, these components are physicaUy
accessible for the application of other control methods.

Zebra inussel infestations pose a major threat to all electric power
production facilities. Facilities that rely on single-pass raw water cooling water
systems are particularly at risk. However, with thorough study and planning,
electric power production facilities can continue operations unaffected as zebra
mussel infestations occur.

Environmentally sound control methods and strategies must be available
for immediate use when zebra mussels are first detected at a facility. Applied
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chemical, engineering, and biological studies are used to develop control methods.
Those who design, operate, and inaintain facilities are best able to develop
strategies based on their own experience and research findings. As zebra mussels
spread throughout the inland waterway system, control strategies will be tested at
selected facilities. Success will be determined after evaluation of operational
impacts, degree of control, and possible environmental effects. If successf'ul,
recommendations to other facility managers will be made. If strategies are not
successful, working groups will reassess the problem and recommend new
techniques.

No single control agent or method will eliminate zebra mussels from this
Nation's waterways. Facility-specific methods and strategies are needed that
reduce zebra mussels locally, Methods and strategies must be economical, easy to
use, and must not harm native aquatic organistns,
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ABSTRACT

The three reference companies have joined in a technology development program
focusing on the use of electric fields as a control mechanisin for zebra mussel
settlement in power plants or other facilities subject to infestation.

The device, dubbed the "Electric Trap" is intended to eliminate potential
colonization by destroying or incapacitating zebra mussel larvae at the point of
entry of water flow into a plant. The Electric Trap "killing field" concept is based
upon the establishment of a strong pulsed electric field between metallic plates
immersed in fresh or brackish water,

A field installation would consist of a series of thin metal plates coated with a low
conductivity polymer, vertically positioned in a water duct or pipe, between which
passes a rapidly alternating current of great intensity and with a short, sharp pulse
at repetition rates of 400 Hz to I kHz. Any larvae present in the water will
become polar upon application of the electric field, creating a dipole which
induces a displacement current internal to the larvae.

It is believed that it will be possible to select pulse characteristics which will kill
or incapacitate the zebra mussel larvae in its settling stage  in the magnitude of
150 microns! while leaving significantly smaller larvae and other smaller
organisms unaffected. The process is expected to involve relatively low power
consumption as the power is consumed only in charging the effective capacitance
of the water-filled space between the metal plates, With such an approach, it is
possible to utilize pulsed alternating current with a low duty cycle.

Very simple, but successful laboratory tests were conducted by Infrawave
International during the summer of 1991, utilizing native Daphnia larvae. These
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tests achieved combined mortality/immobilization results approaching 100%.
Further laboratory tests will be undertaken by the technology development
partnership during the summer of 1994 with field testing taking place as soon as
practicable.
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THE 1991 EXPERIMENTS

~intr duction

Laboratory experiments were conducted in Norway and the United Kingdom by
the principal investigator, Lars Ostlie, during the summer of 1991 in order to
determine the effect that an AC electric field might have on freshwater macro-
organisms. The use of electric fields was considered as a control measure for
zebra mussels prior to the entry of water into a utility or industrial plant could
represent a cost-effective and environmentally acceptable alternative to chemical
methods of control.

In carrying out a literary search, it was found that the use of electric fields to
control freshwater macro-organisms has generally not been widely investigated.
One paper was of particular interest  M.Y, Kirpichenko 19 ! examining the
relationship  using DC fields! between voltage and time parameters necessary to
achieve Dreissena larvae mortality.

In going through this prior work, it became increasingly clear that there was a
problem in using DC fields. The problem related to the fact that DC current tends
to fiow around the larvae and not through it. This was determined to be due to
the fact that the shell  the outer surface! of the larvae has insulating properties and
the voltage gradient across the larvae must accordingly be quite high in order to
set up a fatal current inside the larvae. The substantial amounts of electrical
energy required therefore rendered a DC field uneconomic and impractical.

Further investigative work was then undertaken regarding use of an AC field with
the objective of inducing a current inside the larvae by rapidly changing the
electric tield across it and forcing an induced current inside it.

T~h The~i~

The concept of the Electric Trap is based upon capacitor theory and the fact that
freshwater has a relatively low conductivity and is very polar with a relative
permittivity of approximately 75-80. Accordingly, it represents a strong
dielectricum. In basic terms, the Electric Trap consists of two capacitor plates
infiuencing the mass of freshwater between the plates.

When an alternating voltage is applied over the plates in the Electric Trap, an
alternating electric field is in turn established in the water between the plates,
causing a corresponding alternating polarisation of both the water mass and the
liquid inside the larvae  consisting mostly of freshwater and some minerals!, thus
achieving the objective of setting up an alternating induced current inside the
larvae.

303



Due to the fact that undistilled  natural state! freshwater is not an insulator, but
rather somewhat conductive, the introduction of an insulating or semi-insulating
coating on the plates will serve to limit the flow of electrons in the water.
Consequently, the consumption of power can be significantly lower due to the fact
that the only current flowing will be caused by the induced current.

The overall objective of the experiment was to prove the Electric Trap theory-
that an induced electric field would either kill or immobilise larvae and that the
control of this process can be demonstrated.

The experiments were carried out in Stavanger, Norway, under the direction of
~s Ostlie and with the assistance of the Rogalandsforskning organization and Ole
B. Dahle who provided the necessary laboratory facilities and equipment.

In demonstrating the theory it was known from previous research that the depth of
the polarised layer extending out from the electrode is only 0.1 � 0.3mm per IkV
in freshwater and that the purer the water the greater the depth of the polarised
layer.

As was described in the patent, both plates were to be fully insulated with a
coating carrying a high perrnittivity  C! as represented in Fig. l. This, it was
assumed, would produce a polarisation layer over the coatings.

In Fig. 1 the 4 polarisation layers are shown in 2 pairs. The first pair depicts
polarisation across electrode A and coating A, with the second layer of
polarisation taking place across the coating A and the water. Similar pairs are
depicted as water and coating  B! and electrode  B! on the opposite side  four
polarisation!.
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Fig l. Illustrates the electric model using 2 insulated plates
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Due to the conductive element of the water however, there will be a small leak
current present that will serve to short circuit and break down the polarisation
layer in the water. This leak current has a resistance which can be calculated
 utilising non insulating plates! using the formula:

is the specific resistivity of the water
is the conductivity of the water
is the distance between the plates

- is the area of the plates

where

given that: 280 pmhos/cm
6mm and Zz = 3mm

a = 100cmz

R, = 21.40 R, = 10.70hence

Unfortunately, the range of hardware on hand was limited. In particular, the high
voltage unit had a maximum voltage of only 4,8kV and a more powerful unit,
enabling a greater depth of the polarisation layer extending out from the electrode,
was not available.

The experiment was then repeated utilising two different coating approaches, i.e.
with one coating which was semi-conductive and one that had a bare plate, In the
latter case, the electrode was entirely exposed to the water and hence it was
possible f' or electrons to freely flow across the surface.

These two types of experiment are depicted in Fig, 2 and Fig. 3. In Fig, Z it can
be observed that there is polarisation across the surface of the semi-conductive
coating  C!, which is, however in turn short circuited by the leak current due to
the resistance in the coating. There is present, therefore, a combination of
induced and ordinary flow current in coating  C!.
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One of the problems in this version of the experiment arose from the fact that the
two fully insulated electrodes required very high voltages across the plates in order
to permit a reasonable distance between the plates; this was due to the limitation
in depth of the polarisation layer when using msulated electrodes, The minimum
acceptable distance between the plates was defined as 3mm for this experiment.



Fig 2. illustrating the electric model device using one
insulated and one semi-insulated plate

In the experiment described in Fig. 3, the polarisation takes place across one
coating and the water. Consequently, the only current in the water is that driven
by the electric field, setting up the polarisation layer across the coating and the
bare electrode. the hV  voltage gradient between the bare and the coated
electrode! is determined by the current through R = P4 + Rs] between the
coating [A] and the bare [B] electrode and is equivalent to the induced current
across the coating.
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Fig 3. Illustrating the electric model device using one
insulated plate and one bare plate

The only device assembled specifically for the experiment was the "simplified"
Electric Trap as shown in Fig. 4. All other equipment used could typically be
found in a reasonably equipped laboratory, such as the universal meter,
oscilloscope, cables, hand tools etc. The electrical hardware used was originally
built for a different experiment, and was modified for this application.
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Fig 4. The layout of the simplified Electric Trap

309



As shown in Fig, 4, the Electric Trap was placed on a table, and connected to two
water tanks. One tank  Tank 1! was situated approximately 1m above the table,
and the other  Tank 2! was placed on the floor. The hosepipe on the outlet was
bent upwards with it's highest point above the Electric Trap.

Tank 1 was filled with filtered  a plankton filter was used! water and released into
the Electric Trap, It was ensured that there was no air in the Electric Trap.

By introducing a valve between Tank 1 and the Electric Trap the rate of flow
could be controlled. The objective was to achieve a uniform flow distributed over
the plates. As the trap was constructed of transparent material  polycarbonate!,
the flow over the plates could be observed by adding dye  ink! to the water and
removing one of the plates. As expected, vortices or small whirlpools were seen
to be present, especially at high flow rates.

After some experimentation, the flow valve was adjusted to release approximately
0.3C/min in the case of a distance between the plates d, of 6mm, and 0.151'/min
when d, was 3mrn. This produced a calculated flow rate over the plates of
approximately O.Sm/min.

The coating used was a standard acrylic paint supplied by Jotun in Norway.
Acrylic paint has a dielectric constant of approximately 5 - S,5 at low frequencies
and the resistivity is very high. Although changing in accordance with the various
pigments used, generally the Volume Resistivity [Qcm] is > 10". This produces
a resistivity for a 100' m film of ! 10" IQcm']. Accordingly, acrylic paint may
be regarded as an ideal insulator.

In order to change the conductivity, graphite was added to the acrylic paint, and
by experimenting with various levels of concentration of graphite, a resistance
over the surface �00cm'! of approx. 200-4000 was achieved. The measuring
method employed utilised the Electric Trap device, operating with one bare
electrode and one electrode with a semi-conductive coating, By introducing a high
conductivity water/salt solution between the plates, it was possible to measure the
total resistance, the dominant part of which was the resistance across the coating.

The thickness of the coating was measured  after it had been dried in an oven for
3 hours! by using a micrometer. The thickness achieved was between 80-120pm.
The plates were dipped in the pain, hung up and dried for approx. 30 minutes
before they were baked in the oven. By adding solvent to the paint, the thickness
could be adjusted,

Achieving a uniform thickness using this method proved difficult however,
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especially around the edges and it was found necessary to brush additional paint
along the edges ot the insulating plate.
Bi 1 ical n idera i n

The Zebra Mussel  Dreissena Polymorpha! is the only bivalve that has a free
swimming larval stage; most commonly the larvae of freshwater bivalves are
parasitic in their larval stage, The Dreissena larvae is accordingly the only mussel
larvae that has developed, spread and thrived in lakes and waters with very weak
currents. These larvae are free swimming for the entire duration of the larval
stage.

The other characteristic that is unique is that the physical size of the Dreissena
larvae is larger than most other freshwater larvae, varying from 100-300 y.m,
dependent upon the stage, This compares to most other species which are smaller
than 150pm  in their pre-settling parasitic stage!.

It would have been preferable to carry out the test using Dreissena larvae, but
such larvae are difficult to obtain in Norway as they are very rare  only in certain
districts in the South-East of the country!, are not allowed to be freely transported
and are not commercially available.

Therefore, after consultations with Dr. Simon Cragg, a Marine Biologist
specialising in freshwater bivalves. the experiments were carried out on a
freshwater crustacean Daphnia  Subphylum Crustacea/Class Banchiapoda!, which
is commercially available  as fish food!, and is easy to feed and sustain. The
physical size of the daphnia is much larger than the Dreissena larvae � about 500
pm up to 1 min, but otherwise characteristics are very similar to Dreissena larvae,
A sketch of the Daphnia is shown in Fig S. The antennae are used as a swimming
organ.

Fig 5. Tl~e Oup/vtiu /ano - Fenra/e of Daphi>ia P«/ez



Approximately 20,000 larvae were bought from NIVA  Norsk Institutt for
Vannforskning! and released in two batches of approximately 10,000 each, into
two tanks filled with approximately 20 litres of filtered �00pm filter! but
otherwise untreated water. These two tanks were later used interchangeably as
Tank 1 as shown in Fig. 6.

Fig 6. Skereh of she Ser-Up



Please refer to Fig. 4 for an overall schematic of the Electric Trap device,

Th 1 i nd!n trumen ti n

As mentioned previously, the equipment available for the test could produce a
maximum voltage of only 4.8kV. Somewhat higher voltage of 5-6kV would have
been preferable, enabling a greater depth of the polarisation layer extending out
from the electrode. The electrical hardware used is pictured in Figure 7.
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Fig 7. 'Ae Elecrrical Hardware used in the Experiment

The equipment included a power supply charging up two capacitor banks each of
12pF. Following charging, the capacitor banks were discharged through a
transformer over the plates, alternating every other time with opposite polarity via
a switching circuit  two thyristor circuits each consisting of two thyristors!. After
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The Electric Trap was constructed of transparent polycarbonate, with machined
butt joints, screwed together with adhesive, locked and sealed. On each side were
set inlet and exhaust pipes allowing a flow of water from Tank 1, through the
Trap itself and out to Tank 2. The bottom plate was formed as a foot to rest on
the table. Two plates  the electrodes! were mounted on each side of the envelope
container in the path of the water flow. The electrodes could easily be
interchanged and by adding or deleting gaskets at the rear of the plate  between the
plate and the housing! the distance between the plates could be varied to achieve
the distances between the plates used in the experiment - 6mm and 3mm.



the discharge, the whole circuit was short-circuited with the second thyristor
through a resistor  approx. 1.85 mS between firing the two thyristors!. This
produced a wave form as represented in Fig. 8 across the plates in Experiment 3.

%8 kv i nex
78 mA3,5 kv 1 min
ii mA

8 -e I 1 4J

I I

I I

Fig. 8 Shows the Voltage and Current Curves

Originally the switch circuit produced 800V at 60Hz. In order to achieve high
frequency together with high voltage, a change in the oscillator that triggered the
thyristor in the switch circuit boosted the frequency output to around 400Hz. A
transformer was then iritroduced on the output of the switch circuit, enabling a.
step up in voltage from 800V to 3.5-4.8kV. The transformer had two outputs on
the secondary coil, one for 3.5kV. and one for 4.8kV.

riment Pr ure

Certain set procedures were followed in all of the tests. First, prior to the start of
the tests, through visual observation, it was determined that sufficient numbers of
live larvae were present in Tank 1. Any larvae that were dead were prevented
from entering the device due to the fact that the outlet in Tank 1 was positioned
50mm above the bottom of the tank. When dead, the larvae have a negative
buoyancy and sink to the bottom.

Before commencing the test, the device was emptied of any water and larvae.
Each test was conducted using 3 liters of water, producing a flow of 10 minutes in
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duration for the 6mm spacing and 20 minutes when using spacing of 3mm between
electrodes. After flow had stopped in the device, the water in Tank 2 was then
filtered, using a 100 micron plankton filter. The larvae was collected in this
fashion and placed into a glass containing approximately 100cm' of water, filtered
through an 80 micron filter,

The larvae were then left to rest for 1-2 hours. During this period, they were
visually observed to determine if they were alive. Following the rest period a
sample of the larvae was transferred onto a disc, using an 8mrn suction tube, and
observed under microscope. Their condition was evaluated and classified
according to the following three criteria:

A - Defined Dead

B - Immobilised

C - Alive

The sample of larvae were counted and divided into the above three groups.

In the first experiment, the device was fitted with two insulated plates. The
highest voltage attainable �.8k'! and the narrowest spacing �mm! between the
plates, was used for each of the two samples taken.

The visual inspection following the resting period revealed a high degree of life in
the glass container.

The two sarnplings were then examined under the microscope.

C

the rest34

8-10 12-15 the rest

In each of these samplings it was observed that approximately half of the animals

315

Sampling 1.1

Sampling 1.2

The shell was observed to be closed; the antennae
were not moving and there was no sign of life

The shell was closed, but there was some discernible
movement of the antennae or otherwise a sign of life

The shell was open or partly open and there was a
clear movement of the antennae

Group
B

10-12



were still alive after transiting through the device.

Due to that fact that a high proportion were alive it was difficult to make a precise
evaluation and count.

In the second experiment, a configuration was used consisting of one insulated
plate and one plate covered with a semi-insulating coating, There were four
variables intIoduced in this experiment with two samplings taken for each set of
variables.

The samplings were:

Following the rest period of each sampling, a visual inspection of the glass
container clearly indicated that, unlike the first experiment, only a relatively small
percentage were swimming and that most of the animals had accumulated at the
bottom of the container.

The glass was then gently shaken and a random sampling of animals were
carefully removed for investigation under a microscope.

Total

Sampling 2.1.1 24

Sampling 2. l.2 39

Sampling 2.2.1

Sampling 2.2.2

42

36

29 10 3 69%

25 6 5 69%

93%

86%

44 8 4 78%

23 4 2 79%

93%

93%

25 4 5

38 8 I

74%

81%

85%

98%
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Sampling 2.1.1 and 2.1.2
Sampling 2.2. l and 2.2.2
Sampling 2,3.l and 2.3,2
Sampling 2.4. I and 2.4.2

Sampling 2.3. 1 56

Sampling 2.3.2 29

Sampling 2.4. l 34

Sampling 2.4.2 47

6mm and 3,5kV

6mm and 4.8kV

3mm and 3.5kV

3mrn and 4.8kV

Group
A B C

14 6 4

22 14 3

A/Total A + M'otal

58% 83%

56% 92%



As can be seen from the above data, the ~umber of defined dead  category A!,
generally increased as voltages were increased and spacing between plates was
narrowed,

The relatively high number �! of alive  category C! animals in sampling 2.4.1
may be an aberration.

In this experiment the configuration consisted of one insulated plate and one bare
plate.

During this experiment, approximately 2 dozen samplings were processed through
the device, all of which, from visual inspection showed high percentages of
category A.

Four samplings were taken for investigation under microscope and recording.

They were:

6mrn and 3.5kV

6rnrn and 4.8kV

3rnm and 3.5kV

3mrn and 4.8kV

The test glass was inspected following the rest period after every sampling and it
was observed that only a small number of live animals were left swimming.

The glass was then shaken and a random sample was removed for investigation
under microscope

Total Group
A 8 C A/Total A + EYI'aal

As can be seen, there was a somewhat higher defined dead and/or immobilised
rate of occurrence as compared to the second experiment. There was also little
difference between the samples in the third experiment.
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Sampling 3.1
Sampling 3.2
Sampling 3,3
Sampling 3.4

Sampling 3.1

Sampling 3.2

Sampling 3.3

Sampling 3.4

64

35

41

29

49 11 4

29 6 0

36 4 1

22 6 1

76%

83%

88%

76%

94%

100%

100%

97%



h R ul ncl i nan nin in

Certain observations, arising from the results of the three experiments, may be
made:

In Experiment 1 using two insulated plates, the effect of the electric field was not
fatal or debilitating as the relationship between Groups A, B and C is
approximately equal.

However, the results of the second and third experiments clearly show the effect
of the electric field on the larvae. Proportionally, the numbers of larvae classified
in Group A in the second experiment were approximately 60-70%  A + B approx.
80-90%! and reached 70-80% in the third experiment, when the total of A + B
was between 90- l00%,

The conclusion drawn was that the alternating electric field as applied in the
simplified Electric Trap produced a significant mortality or immobilizing effect on
the Daphnia,

In subsequent experiments the following factors shouM be taken into consideration:

The Daphnia larvae used in these experiments is a relatively large animal
as compared to the Dreissena larvae. The larger the animal the more the
effect of the electric field. Accordingly, in order for results to be directly
transferable to the overall objective of the experiments, it would be
preferable to use Dreissena larvae or an animal of similar size.

The Daphnia larvae is almost transparent; in future tests, more emphasis
shouM be placed upon establishing dead/immobilised/alive classifications by
detecting movements and functions of inner organs.

It is clear that coatings are important and more experimentation should be
undertaken regarding various types of coatings, both on the insulating
electrode and the semi-conductive electrode,

In a process of "fine-tuning", the relationship between voltage, type of
electrode, frequency, pulse wave and water flow rate should be further
evaluated.
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A Comparison of Metal Leachate Rate and Zebra
Mussel Control Efficacy for Coatings and Materials

Timothy D. Race and Mark A. Kelly
U.S. Army

Construction Engineering Research Laboratories
Champaign, IL 61821

ABSTRACT: Laboratory immersed test coupons of conventional antifouling coatings,
tnetal pigmented coatings, thermal-sprayed metallic coatings, and metal substrates were
evaluated for metal ion release rates over a 2-year period, Identical test coupons were
evaluated for fouling over a 15-month period at Black Rock Lock, Buffalo, New York.
This paper compares the efficacy of these materials and their release rates as a function of
time. Other antifouling products, including capsaicin-based coatings and a biocide
impregnated plastic, were evaluated at the field site. Control panels are heavily infested
after 15-months while the inajority of test materials continue to prevent zebra mussel
attachment. Estimated rninumum effective release rates for copper and zinc are
determined.
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INTRODUCTION

Background
Antifouling materials and coatings have been used to prevent fouling on marine exposed
surfaces for centuries. The original antifoulants used to protect wooden hulled marine
vessels were metal sheathing materials such as lead, copper and zinc.' The first
documented test of copper sheathing was performed on the H,M.S. Alarm in 1758.
Antifouling coatings were invented by William Beale in 1625 and workable coatings
have been availble since the 1860s. A wide variety of materials have been used as active
ingredients in antifouling coatings, including metals, metal oxides, metal salts, and
organometallic compounds based on antimony, arsenic, copper, lead, mercury, tin, and
zinc. ' Most of these materials are no longer used because of their high human and
aquatic toxicity, Noteworthy among the restricted materials are the organotin
compounds, especially tributyltin  TBT!. TBT-based antifoulants were popular until
recently when prohibitions and restrictions were enacted in the V.S., Canada, Europe,
Japan, Australia, and New Zealand.' The primary biocides now used in commercial
antifoulants are copper and cuprous oxide. Numerous registered biocides may be used to
reinforce the copper compounds.' Zinc oxide is also sometimes used to augment the
copper compounds. The essential mechanism of antifouling coatings is the leaching of
biocide into the water.

Aquatic Toxicity of Metal Ions
The toxicity of various metal ions to the zebra mussel has been reported,' Table 1 shows
the mortality rates of selected metal ions over a 24 h period as determined by Dudnikov
and Mikheev. Copper ions are more lethal to the zebra mussel than other metal ions.
Similarly, Lukanin measured the relative toxicity of copper sulfate solutions of various
concentrations as a function of temperature, showing that 25% mortality was achieved in
5 h for a 33 rng/I solution at 22.5 degrees C.' Copper-based antifoulants and, to a lesser
degree, zinc-based materials should act to repel the settlement and growth of zebra
rnussels in infested waters.

Copper leach rates for antifoulant coatings of 1-2 ug/cm /day are reported to be adequate
to repel sensitive marine organisms such as mussels. As a first approximation this range
would seem to apply to the zebra mussel. No comparable literature references to
effective leach rates for zinc have been identified. However, proposed U.S.
Environmental Protection Agency criteria exist for the protection of fresh water aquatic
life.' Equations 1 and 2 may be used to calculate the recommended maximum allowable
concentrations for a 24 h period for copper and zinc respectively.

10.65 1n  hardness! - 1.94]
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[0.67 ln  hardness! + 0.67]
Eq. 2

For a given water hardness it is possible to estimate the relative toxicity of copper versus
zinc. The water hardness of the Niagara River near Black Rock Lock, a CQE facility
infested with zebra rnussels, averages around 92 mg/l. Maximum allowable chronic
concentrations for copper and zinc at this water hardness are 2.7 and 40.4 ug/1
respectively, For copper in salt water the recommended concentration is only 0,79 ug/l.
Although recommended salt water criteria for zinc do not exist, the lowest reported
concentration to cause chronic effects is l41 ug/l. Interestingly enough, zinc is more
toxic to fresh water organisms than salt water organisms and the converse is true for
copper. Zinc would appear to be better suited for use as a fresh water biocide than as a
marine biocide.

Types of Antifouling Coatings
There are four principal types of antifoulants which are used today,   I! conventional,
soluble matrix, �! advanced, insoluble matrix, �! self-polishing, and �!
polishing/ablative,' The self-polishing coatings are TBT-based and are not being
considered for use by  he Corps of Engineers  COE!.

Conventional, Soluble Matrix Antifoulants. Soluble matrix-type antifoulants contain
water soluble gum rosin. As the rosin dissolves, biocide is released into the water.
Typical products are effective for only 12 to 15 months in inarine applications. The
biocide release rate is nearly constant over time.

Advanced, Insoluble Matrix Antifoulants. Insoluble matrix antifoulants use more
durable binders than the soluble matrix materials and greater film thicknesses are
possible, These products are highly loaded with either cuprous oxide, copper, or cuprous
oxide and organotin The coatings are formulated above the critical pigment volume
concentration such that the biocide particles are in direct contact with each other. As one
particle dissolves another is exposed. Insoluble matrix antifoulants last from 18 to 30
months in marine environments, The biocide leach rate decays exponentially with time
until the coating is no longer effective.

Polishing/Ablative Antifoulants. The ablative-type antifoulants utilize water soluble
and/or hydrolyzable binders which erode as water moves past the coating. After
stabilizing, the release rate remains fairly constant until the coating is exhausted.
Effective coating life is about 36 months in seawater.

Factors Affecting Antifoulant Biocide Release Rate
Water temperature and chemistry effect the leach rate of antifoulants.' Leach rate is
reduced by 20% for each O. 1 increase in pH above 8.4. Leach rate increases 25% for each
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0,1 reduction below pH 8.0, Sea water has a typical pH range of 8.0 to 8,4. The pH of
natural fresh waters is usually below this range. The Niagara River at Black Rock Lock
has a pH of about 7.5, Leach rates for conventional antifoulants should be roughly 2
times higher at pH 7.5 than pH 8.0, However, pH is not the only water chemistry
variable affecting leach rate. Leach rate increases in direct proportion to the square of the
salinity. Presumably this is because of the high solubility of copper  II! chloride. Leach
rate decreases about 5% for each I degree C drop in temperature. Marine fouling is most
severe in warm waters. The zebra mussel is a relatively cold water macrofouier and, as
such, antifoulants used to control the animal will be used primarily in cooler waters
where they will have somewhat reduced leaching rates. Water velocity may sometimes
affect the release rate of ablative antifoulants. If velocities are too low the hydrolyzed
resin may not be ablated.

Other Antifoulant Control Techniques
Similar to the metal sheathing of wooden ships, metal substrates may be employed as
either a protective cladding or a construction material. Copper, zinc, and their alloys
could potentially be used in this way, Alternatively, pure metallic and alloy coatings can
be applied by thermal spray. Metal coatings, such as galvanizing, can also be applied by
hot-dip or electrocoat processes. Surfaces can also be coated with conventional inorganic
and organic zinc-rich coatings. These methods are all somewhat unconventional and
have not been used to a great extent to prevent macrofouiing.

COE ANTIFOULANT TEST PROGRAM

Scope
A wide variety of facilities are potentially impacted by the zebra mussel. Within the
COE these facilities include navigation, flood control, hydroelectric, and recreational
projects. Of chief concern is the operational status of these facilities. Of secondary
concern are problems associated with visiblity for inspection of structural components
and accelerated degradation of coatings and metallic substrates.

Coatings and Materials
In 1992 the COE initiated an evaluation of antifouiing coatings and construction
materials. The program consists of field and laboratory evaluations of selected materials.
Black Rock Lock on the Niagara River, Buffalo, New York, is the field test site, The
lock, operated by the COE's Buffalo District, has been heavily infested for 3 to 4 years.
The field exposed coupons have been evaluated periodically for zerba mussel attachment.
The laboratory test coupons, exposed in fresh municipal water, are periodically analysed
for the rate of leaching of zinc and copper. Some of the test materials exposed at Black
Rock have not been evaluated in the laboratory, however their repellent properties are of
interest and are reported. Table 2 lists the antifouiant coatings and materials being tested
at Black Rock and indicates whether companion coupons were analyzed in the laboratory
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for rate of leaching.

Field Test

Triplicate 3 x 6 in test coupons were placed in test at Black Rock Lock in September
l99'2, with the exception of the pepper coatings, which were introduced in May 1993
 coatings 1 and 2! and August 1993  coating 3!. Most of the coating materials were
applied to both steel and concrete test specimens. Where necessary and appropriate,
standard COE vinyl or epoxy protective coating sytems were applied prior to the test
coatings. Test coupons are secured in a fixture which is located on a concrete wall just
upstream of the lock chamber. The test coupons are arrayed in the horizontal plane
approximately 6 in from the concrete wall, at a mean depth of approxitnately 5 ft. Each
test coupon is electrically isolated.

Laboratory Leachate Analysis
Selected test coatings and materials were evaluated in the laboratory for rate of release of
zinc and copper as a function of immersion time. Test panels were completely immersed
and isolated from each other and any conductive materials, The immersion tank is
supplied with cold tnunicipal water �3-18 degrees C! with an constant rate of exchange
to prevent stagnation. Test coupons were periodically removed from the immersion tank
and evaluated for rate of leaching under static conditions. Leaching was determined by
completely immersing individual coupons in a measured volume of deionized water �0-
2S degrees C! for 24 h, Samples were analyzed for metal ion concentration by atomic
absorption. Leach rates were calculated in units of microgramslcm-/day.

Field Test Results

Test coupons were first inspected for the presence of adult and settled mussels in
December 1992 � months!. Subsequent inspections were conducted in May 1993  8
months!, August 1993 � l. months!, and Dec 1993  IS months!. Mussel colonization
rates and shell sizes  adult or non-adult! were noted at each inspection interval. No
settled juvenile mussels were observed after 3 months, however some adults were
observed on a few of the test materials as weil as the test fixture. These adults most
likely relocated from adjacent surfaces using their foot for mobility, In some cases there
was evidence that adult mussels had attached themselves, probably with temporary
threads, and subsequently detached, The 8 month inspection showed the first evidence of
juvenile settlement, Table 3 indicates the antifoulant performance at the IS month mark
� months for pepper coatings I and 2 and 4 months for pepper coating 3! in terms of
mussel densities.

Leachate Results

The rate of leaching of zinc and copper were periodically deterinined for selected
coatings and materials. Figure I shows the range of leaching rates determined for each
copper containing test material. Figure 2 shows the range for each zinc containing
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material. Figures 3  copper sulfate containing coatings!, 4  cuprous oxide containing
coatings!, 5  metallic copper containing coatings!, 6  copper and copper alloy sheet
materials!, and 7  zinc containing materials!, present the metal leach rates versus time.
Best fit curves have been applied to the data to more clearly show the long-term trend in
leach rates.

DISCUSSION OF RESULTS

Pepper Coatings. A series of pepper coatings were evaluated in the field test.
Anectdotal reports indicate capsaicin containing coatings are effective at preventing or
reducing marine fouling." Capsaicin, a non-toxic irritant, was dispersed as a powder in
coating 1, dusted onto the surface of applied coating 2, and incorporated as an oil in
coating 3, The pepper coatings exposed at Black Rock Lock have not been effective at
preventing the settlement of juvenile zebra tnussels. The results are not suprising in that
capsaicin is practically insoluble in cold water.' Capsaicin may in fact be effective
against organisms that are in more direct contact with the substrate. However, it is
unlikely that zebra mussels can sense the presence of the irritant when attached by byssal
threads, It may be possible to associate the capsaicin with some water soluble species
such as rosin and thereby facilitate its release into the water column. The use of capsaicin
or other low-toxicity irritant remains an intriguing possibility,

Biocide Impregnated UEP&iVPK. Ultra high molecular weight polyethylene
impregnated with an unspecified registered biocide was evaluated at the field site.
Although this material accumulated fewer mussels than the polyethylene control, fouling
was still quite heavy. The utility of this product is questionable.

Brass, Bronze, Copper and Tin Thermal-Sprayed Coatings. Brass, bronze, copper,
and tin coatings were applied by wire arc-spray to concrete test panels. These metals
should not be applied directly to ferrous metal surfaces because corrosion of the substrate
will occur, Each of the coating materials with the exception of tin was coinpletely
effective against both juvenile and adult mussels. Leach rates were not determined for
these coatings, however rates similar to those determined for the copper and brass sheet
materials are probable. The poor performance of the tin coating is not surprising in that
tin has a relatively low aquatic toxicity, especially as compared to TBT, copper, and zinc.

Metal Substrates. Copper and brass sheet materials were completely effective against
the zebra mussel over the 15-month test period. Aluininurn-bronze had a low
colonization rate. From Figure 6 the downward trend in copper leach rate is fairly
evident for each of these materials. The final data point for brass is probably aberrant and
thus copper leach rates for the 3 materials follow the trend; copper > aluminum-bronze >
brass. Brass also has a fairly steady zinc release of about 2 ug/cm'/day, which probably
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reinforces the materials' efficacy. The copper leach rate for these inaterials progressively
decreases with tiine. A direct time dependent relationship between field and laboratory
exposed inaterials may not exist. In other words, the leach rates after 15-months of field
and laboratory exposure are probably not the same. However, the trends and relative
leach rates are probably reliable. The leaching data would seem to suggest that
aluminum-bronze and copper sheet materials will eventually have copper leach rates too
low to be effective. The decrease in leach rates are probably caused by the accumulation
of insoluble corrosion products on the surface of the test materials, If this is the case,
then periodic rejuvination of these surfaces by means of light abrasion would be possible.

%'ater-borne Acrylic Coatings Containing Copper Sulfate. Experimental water-borne
acryiic coatings were received from a vendor. These products contain copper in the form
of copper sulfate. The coatings were formulated with the intent of providing different
release rates for each product. Copper leaching was quite low with little or no difference
between the products. Very high colonization rates were measured for each of the field
exposed coatings.

Ablative, and Soluble and Insoluble Matrix Antifouling Coatings. Both ablative
cOatings in thiS Study prevented Settlement and attaChment Of zebra rnuSSel. Tin-free
ablative had a copper leach rate well below the expected effective range of 1-2
ug/cm /day. This inay be due to the stagnant conditions under which the leach tests are
conducted. Ablative coatings require some minimum level of water flow to erode the
hydrolyzed paint resin. The erosion process is responsible for the introduction of the
metal ion species into the water coiumn. The test panels at Black Rock Lock are
subjected to periodic flow conditions priinarily from vessels moving through the lock.
Actual leach rates for the tin-tree ablative are almost certainly higher than observed in the
laboratory. The copper-zinc ablative coating had leach rates of about 1 ug/cm /day for
both zinc and copper. The higher copper leach rate observed for this ablative coating is
probably due to the addition of a small ainount of water soluble wood rosin. Ablative
coatings sometimes are formulated in this way to prevent marine fouling of vessels that
experience lengthy anchorages. Actual leach rates for this coating may also be higher
than measured in the laboratory.

MIL-P-IS931,a vinyl resin, soluble matrix-type antifoulant was also completely effective
for the first 15-months of exposure. A nearly constant leach rate of about 1.S ug/crn /day
was observed. This coating contains a large amount of water soluble rosin and a small
ainount of vinyl resin which strengthens the coating and allows greater film thicknesses
to be applied. The service-life of soluble matrix coatings is a function of film thickness
as well as water chemistry.

Insoluble matrix coating l, a copper pigmented epoxy coating, was only slightly fouied
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after 15 months. Leach rates were fairly stable, averaging about 2 ug/cm'/day, Insoluble
matrix coating 2, a modified isophthaiate-polyester coating pigrnented with copper
powder, did not perform as well, exhibiting moderate fouling on steel coupons and heavy
fouling on concrete coupons. This coating contains somewhat less copper pigment in the
dry film than coating l. Its copper release rate shows a strong downward trend moving
from 2 to 0,5 ug/cm'/day.

Zinc Containing Coatings. The thermal-sprayed zinc coating, the water-borne inorganic
zinc coating, and galvanizing aH exhibited relatively low levels of mussel attachment at
15-months. Zinc leach rates were approximately 6, 3, and 5 ug/cm /day, respectively, at
600 days of laboratory exposure. The zinc materials serve a secondary function as
corrosion protection on steel substrates. Even at modest levels of colonization, zinc
coatings would offer a significant advantage in terms of cost and simplicity over the other
antifoulants Zinc coatings marketed for corrosion protection do not require registration
under the Federal Insecticide, Fungicide, and Rodenticide Act.

Conclusions

Coatings containing capsaicin, a non-toxic irritant, did not prevent the settlement and
growth of zebra mussels at Black Rock Lock. A plastic material impregnated with an
unspecified biocide and thermal-sprayed tin were not effective.

Products containing copper and zinc were generally effective with the exception of a
series of water-borne coatings containing copper sulfate and an insoluble matrix coating
pigmented with copper dust. The ineffective copper coatings had terminal leach rates for
copper that were significantly lower than those observed for the effective products. The
failed insoluble matrix product exhibited a steep decline in copper leach rate to values
below the expected effective range. The leaching test was able to predict the drop off in
performance of this material,

Thermal-sprayed brass, bronze, and copper coatings were all effective deterrents for the
duration of the field test. Copper and brass sheet materiais were also completely effective
and aluminum-bronze alloy was only slightly fouied. Laboratory leach rates for the sheet
materials declined with time to a level below the expected effective range for copper
suggesting that their efficacy may be short-lived.

Two ablative antifoulants were effective in field tests. The laboratory copper leach rate
for one of these products was significantly and consistently below the expected effective
range, suggesting that the static conditions of the leachate analysis does not adequately
model the actual leaching in the field for some ablative coatings.

Navy specification MIL-P-15931, a soluble matrix coating, was completely effective and
exhibited a fairly steady leach rate within the expected effective range-
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Brass and the copper-zinc ablative coating each had significant but relatively low leach
rates of both copper and zinc, suggesting that copper and zinc may reinforce each other in
some way. A study of the toxicity to zebra mussels of various concentrations of copper
and zinc together would be valuable,

Zinc thermal spray, galvanizing, and water-borne inorganic zinc coatings all had low
levels of zebra mussel colonization after 15 months at Black Rock Lock. Observed zinc
leach rates for these materials suggest a minimum effective rate of about 4 ug/cm'/day,

The estimated minimum effective release rate for copper is between 0.5 and 1.0
ug/cm'/day.
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Concentration  mg/I! Average of killed specimensMetal

 %!

Copper

Silver 71.S

57.2Mercury

4.8Zinc
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Table 1. Dreissena mortality due to exposure to metal ions for 24 hours at room
temperature,



Table 2, Test coatings and materials under study by the COF. ar Black Rock Lock.

Coating/Material
Only

Active Biocide Field Test

cuprous oxide
cuprous oxide/zinc oxide
cuprous oxide
copper

copper

copper sulfate
copper sulfate
copper sulfate
zinc

X X
X X
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Tin free ablative

Copper-zinc ablative
MIL-P-15931  soluble matrix!
Insoluble matrix 1

insoluble matrix 2

Water-borne acrylic 1
Water-borne acrylic 2
Water-borne acrylic 3
Water-borne inorganic zinc
Pepper 1
Pepper 2
Pepper 3
Zinc thermal-sprayed coating
Naval brass thermal-sprayed coating
Copper thermal-sprayed coating
Bronze thermal-sprayed coating
Tin thermal-sprayed coating
Galvanized steel

Copper sheet
Brass sheet

Aluminum-bronze sheet

UHMWPE, biocide impregnated
polypropylene

capsaicin
capsaicin
capsaicin
zinc

copper/zinc
copper

copper/zinc
tin

zinc

copper

copper/zinc/lead
copper/aluminum
V/A

control



Table 3. Performance of test coatings attd materials at Black Rock Lock.

Coating/Material Zebra Mussel Density  number/m !

~ First number is density on coated Steel and second is on coated concrete,
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Tin free ablative

Copper-zinc ablative
MIL-P-15931  soluble matrix!
Insoluble matrix 1

Insoluble matrix 2

Water-borne acrylic 1
Water-borne acrylic 2
Water-borne acrylic 3
Water-borne inorganic zinc
Pepper 1
Pepper 2
Pepper 3
Zinc thermal-sprayed coating
Naval brass thermal-sprayed coating
Copper thermal-sprayed coating
Bronze thermal-sprayed coating
Tin thermal-sprayed coating
Galvanized steel

Copper skeet
Brass sheet

Aluminum-bronze sheet

UHMWPE, biocide impregnated
polypropylene

0/ 14

0/0

0/0

72/0

1200 / 6000
� / 13,000

� / 13,000

13,000 / 13,000
0/86

1500/�

6500/�

2200 /�

170 /0

� /0

� /0

� /0

� / 7SOO

258

0

0

271

4990

7320



Figure l: Range of leach rates for copper-containing test materials.
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Figure 2: Range of leach rates for zinc-containing test materials.
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Figure 3: Leach rates for copper sulfate containing coatings.
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Figure 4: Leach rates for cuprous oxide containing coatings.
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Figure 5: Leach rates for metallic copper containing coatings.
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Figure 6: Leach rates for copper and copper alloy sheet materials.
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Application of Cost Effective Electric Fields to Deter
Attachment of the Zebra Mussel to Structures

A. Garry Smythe, John F. Doyle ancf
Theresa A. Reed  Acres international Corporation!

and

Paul IVl. Sawyko
 Rochester Gas K Electric Corporation!

ABSTRACT

A multiyear study was conducted to determine if electric fields could be used to eliminate
or reduce attachment of zebra mussels  Qrg jgggg ggl~~gi~ to submerged structures.
If settling-stage veliger attachment can be inhibited while under the influence of and for
a short time after exposure to a sufficiently intense electric field, water flow would carry
the veliger past a structure. Presently, chemical application is the inost widely used
method to control the mussel. However, due to environmental concerns and/or permit
restrictions, some facility coinponents such as trashracks cannot be protected by
chemicals. Utilizing electric fields to prevent attachment could be a cost effective,
proactive, non-chemical control alternative that could be applicable to other facility
components as well.

Field studies to test the effects of electric fields on post-veliger settlement were
conducted from 1991 through 1993 at the Rochester Gas & Electric  RG&E! Russell
Station. Test apparatus included plate arrays of either steel or plexiglass, which were
placed in test flumes. Untreated Lake Ontario water drawn from RG&E's Russell Station
circulating water forebay was continuously pumped through the flurnes. Direct current
 DC! and alternating current  AC! were tested at field strengths that ranged from less
than 1 volt/cm to 39 volts/cm. Not all array types were tested with all currents and
voltages. All electrical apparatus were standard equipinent routinely used to generate
small scale AC or DC voltages, except for a capacitive discharge unit which was an "off
the shelf field generator intended to be used as a large scale, riverine fish deterrence
device. Although none of the generated fields, as tested, were 100 percent effective, the
DC capacitive discharge field had the most promising results.
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INTRODUCTION

Water intake structures provide excellent zebra mussel g>~~ g+~~i~ha! habitat
since the continuous flow of water maintains food and oxygen supplies while the pipe can
protect them from scour and predators. Once in a facility, zebra inussels may colonize
any surface within the distribution system. Some of the impacts associated with
colonization of raw water systems are loss of intake head as well as fouling of valves,
monitor probes, filters, and traveling screens.

The mussel may also colonize other areas such as the service water and fire protection
systems. Clumps of mussels  druses! can clog condenser/heat exchanger tubes which
would lead to possible systein overheating, loss of revenue, or safety hazards. Attached
mussels can potentially increase microbially induced corrosion  MIC! on steel and cast
iron surfaces.

Little effect on plant operation is observed on larger structures such as intakes during the
early years of colonization. Critical fouling can occur much more rapidly in small
diameter piping, Once the mussels are well established on trashracks or screens, major
operational impacts such as lost head, cooling capability, trashrack failure, and plant
outage may occur. Chemical treatments are not suitable at the trashracks since Federal
and state resource agencies will not permit chemical injection upstream of an intake pipe.
Also, mechanical cleaning is not suitable for all intakes, so a proactive, non-chemical
control method needs to be identified to protect trashracks.

In the former USSR, electric fields have been applied to control zebra mussels< ~. The
use of electrostatic filters in the cross section of pipes was favored. The mussel larvae
were killed by exposure �.02 to 0.10 seconds! to a high voltage  generated field of 225
to 400 volts/cm!. The mortality rate was dependent on whether veligers had their valves
opened or closed. Generally, the higher the water temperature the more rapidly the
mussels were affected. Voltages were applied at water intakes, on gates, and on the
screenhouse walls. The use of high intensity fields for short exposure rates killed the
veligers. This technique, however, proved to be technically and economically
impractical under most industrial'conditions due to the high power requirements. In
other experiments Russian scientists applied low voltage fields � to 8 volts/cm! over
long exposure periods �7 to 31 hours! at summer water temperatures. The low voltage
appeared to be effective under these conditions. Unfortunately, in flowing water
situations, such as those found at trashracks and most other places in a power station's
raw water system, veligers drift so quickly that long exposure rates are not possible.

Ontario Hydro conducted studies on high voltage electric fields applied to low volume
systems in 199 P. They concluded that electric fields could immobilize zebra mussels,
but that lengthy exposure times reduce the value of the method. Wisconsin Electric
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Power Company and the University of Wisconsin Center for Great Lakes Studies are
continuing this electric fieM experimentation for use in low volume water systems but
are not considering any application for trashracks~ ~.

New York State Electric and Gas Corporation conducted limited testing of high intensity
electric barriers at their Kintigh Station on Lake Ontario�~. The objective of the
program was to kill zebra mussel veligers, however, exposures of 200 to 400 volts/cm
for 0.1 second were ineffective. At 600 volts/cm for 0.1 second, a 30 percent mortality
was obtained. Based on calculations, the power requirement to effectively operate high
intensity electric barriers at the station made this system impractical.

Cathodic protection against structural damage through oxidation is in place at some
power plants. However, casual observation has indicated that this protection does not
entirely preclude the salt water blue mussel Qgi~ ~! from attachinent to the
protected structure~ !. Studies to determine the effectiveness of cathodic protection in
preventing zebra mussel attachment to metal and concrete surfaces are currently being
investigated  . Continuous, low intensity electric fields are used by utilities to exclude�!

fish from discharge areas, but their effectiveness on zebra mussels had not been evaluated
as of 1991.

APPROACH

General

In most zebra mussel control strategies that are proposed or in use, the objective has
been to cause mussel mortality. An alternative approach would be to delay settlement
until veligers are carried beyond a structure by the water flow. The objective of this
study is to determine whether electric fields can be used. If the mussel veligers' settling
behavior can be delayed for a short period during or after contact with an electric field,
and the conduit water .flow can carry the mussel past a structure, it would not be
necessary to kill the veliger,

In July 1991, testing to investigate the efficacy of this approach commenced at the
Rochester Gas k Electric  RGB'! Russell Station. Low current and low voltage  AC,
DC, or pulse DC! fields were tested. Electric field intensities were selected generally
based on economic considerations  i.e., approximate projected operational cost to
generate full-scale electric fields!. During the first year of the study other tactors
including the potential impact on fish, safety of personnel using the test apparatus, and
the authors' preliminary laboratory tests were weighed more heavily in selecting field
strengths to be tested.
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In 1992, higher AC voltages were tested. The objective was to determine the level of
voltage that would be required to control zebra mussel attachment. This program was
initially designed to apply a voltage at the upper limit relative to full-scale operational
cost versus a reactive mechanical cleaning approach

In 1993, the study objective was to continue the AC evaluation that was underway in
1992  at field strengths of approximately 39 volts/cm! and to conduct a further evaluation
of DC fields originally conducted in 1991. The further evaluation of DC fields came as
a result of some recent studies conducted on the use of cathodic protection and pulse-
power methods to control zebra rnussels in Scandinavia, the United Kingdom  UK!, and
private and defense-related sectors in the U.S 

Apparatus Design

Over the three-year study the test apparatus was designed to minimize construction costs
and maximize use of existing equipment and facilities. It consisted of two aluminum
head tanks, four fiberglass flurnes, and an aluminum discharge tank  Figure 1!. The
apparatus was housed in RG8rE's environmental trailer located at the Russell Steam
Station in Rochester, New York.

Raw Lake Ontario water was pumped from the Russell Station circulating water forebay
to the environmental trailer located approximately 200 ft away. To make use of the
existing pumping equipment, the pipes were oversized to reduce the pressure losses along
the pipe route. Raw lake water entered Tank No. 1. Baffles were placed in Tank No.
1 to reduce the turbulence before the water entered Tank No. 2. An overflow was
provided in Tank No. 2 as a precautionary measure should the inflow exceed the tank
capacity. The water exited Tank No. 2 into the four flumes. The flumes discharged into
Tank No. 3, and a drain on the bottom of this tank routed the raw water to the plant
discharge tunnel.

Configuration Types

Three electrical configurations were used  Figure 2!. Two configurations used arrays of
steel plates simulating standard trashracks, and the third type consisted of two-piece
arrays constructed of plexiglass plate.

Configuration Type 1 consisted of an upstream rod electrode and a downstream array of
steel plates. The array consisted af five electrically common individual steel plates
bolted together to form an electrode. The individual steel plates were constructed of %-
inch thick steel, 7 inches high by 6 inches wide. Five-eighths inch long steel spacers
were placed between the plates to hold them apart. Due to the electrode positions in
Configuration Type 1, the field was parallel to the water flow with the greatest field
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strength near the trailing edge of the upstream electrode and the leading edge of the
downstream array. The weakest volt/cm was equidistant between poles.

Configuration Type 2 consisted of an array of five electrically isolated steel plates. The
rack array was constructed of the same steel plates used in Configuration Type 1, but
only three were used in alternating positions. The second and fourth plates were
replaced with a smaller plate each measuring '/a-inch thick by 7 inches high by 2 inches
wide. Electrically nonconductive spacers were used between the plates to hold them
apart. This confiiguration provided electrically isolated rack bars that functioned as
separate electrodes. The electric field was generated perpendicular to the water flow
with the lines of equipotential voltage generated parallel to the flow. The field was
strongest where electrodes directly opposed each other. A much weaker Md extended
to the upstream and downstream edges of the three larger plates, unlike the Type 1
confiigurations where there was an electric field between the plates.

Configuration Type 3 consisted of an array of two pieces of 6-inch by 3-inch by Ye-inch
plexiglass plate placed between the upstream and downstream electrodes of a Type 1
configuration. The plexiglass arrays were electrically nonconductive. As the plexiglass
arrays in Type 3 configurations were coinpletely within the poles of a Type 1
configuration, they also were within a generated electric field. As the plexiglass plates
were nonconductive and oriented so as to interface little with the electric field, it was
assumed they would not affect the result for the Type 1 test with which they were
associated.

Power Supplies

The five power supplies used for these experiments to provide the necessary voltages for
the establishment of the electric fields were:

The 120 hertz pulsed DC, utilized in 1991, was developed by connecting a full wave
rectifier to the output of Power Supply No. 2. Power Supply No. 5 was developed
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through commercial electrofishing industry research and is available "off the shelf". The
electrical system was set up much like a standard cathodic protection array where DC
voltages were applied to Configuration Type l.

All the above power supplies were equipped with an adjustable output voltage control to
suit various test conditions. The voltage supplied by Power Supplies Nos. 4 and 5 were
not varied during the 1992 and 1993 studies, however.

The electric field intensity was set by placing two test electrodes a fixed distance apart
midway between the electrodes. The test electrodes were then connected to a high input
impedance digital voltmeter. The output of the power supply was adjusted to obtain the
desired electric field intensity  volts/crn!. Field strength was measured approximately
mid-way between positive and negative electrodes with voltmeter probes sl'iaced 2.5 cm
or less apart or oscilloscope probes approximately 7.5 cm apart. Excitation voltages
were deterinined by measuring the voltage applied to the electrodes.

Variables Tested

Several electrical variables were tested to determine effects on mussel attachment. The
variables included:

~ Voltage intensity applied to the arrays  measured as excitation voltage and
volts/crn!;

~ Electric current type  AC, DC, or pulse DC!; and
~ Electrode configuration  fields generated parallel or perpendicular to flow, i.e.,

Type 1 or Type 2!.

Exposure time or the time an organism is in contact with a chemical or stimulus  in this
study an electric field! is a major factor in all research studies where a biological reaction
is to be measured. In the electric field studies, the exposure time was quite short and
held relatively constant. Exposure time varied slightly as the pumped flow varied due
to fluctuating head levels in the Russell Station forebay. There was also a probable,
minor variation in exposure time between the Type 1 and Type 2 configurations that
resulted from differences in effective field strengths with range. Exposure time values
were arrived at by dividing the electric field distance  ranging from 0.2 to 0.5 ft! by the
mean flow velocity �.65 fsp!. The estimated exposure times varied between
approximately 0.3 and 0.8 seconds for the tests conducted.

The test voltage selection was based on biological and economic considerations and Acres
preliminary laboratory tests. The excitation voltages in 1991 were selected to assure
other aquatic life  specifically fish! would not be adversely affected nor would the test
present an electrical hazard to personnel operating the test equipment, To be



econoinically feasible, the extrapolated energy cost for a full-sized electric field system
should not exceed those costs associated with the protection of a similar-sized system
against frazil ice formation. The extrapolated energy costs associated with applied test
voltages did not approach that for frazil ice protection for the tests conducted in 1991.
The voltages and field strengths used in 1992-1993 were of greater magnitude and would
probably be a problem to fish which ventured too close to such a field. Costs to operate
were expected to be acceptable but marginal for the AC, while the capacitive discharge
DC unit was expected to be more economical.

Acres' preliminary uncontrolled laboratory tests, carried out previous to this reported
study, indicated that low voltage, low intensity, AC fields induced a transitory response
in adult mussels. Similar DC tests were inconclusive but indicated excitation voltages
of 9 VDC or less caused effects ranging from death to no effect at all.

1991 Study

A total of 15 Type 1 and Type 2 configurations were exposed to zebra mussel post
veligers in four test periods  Table 1!. During the test periods, configurations were
treated as control configurations or test configurations  one controUperiod and two or
three tests per period!. Control configurations were exposed only to a source of flowing
water infested with veligers and post-veligers. The test configurations were exposed to
the same source of flowing water and to electric fields of various intensities generated
using alternating current  AC!, direct current  DC!, or pulse DC. Each test was
conducted in a separate flume. Each flume was provided with an underflow slide gate
or weir that was used to regulate the water flow through each flume. The applied
voltages varied in magnitude within and among test periods. Configuration Type 1 was
used exclusively in Test Period 1, while Configuration Types 1 and 2 were used in
Periods 2 through 4, Configuration Type 1 was used as the control configuration in all
four test periods.

Stainless 'A-inch bolts were deployed upstreain of Type 2 configurations and all control
configurations to create water flow characteristics similar to Type 1 test configurations.
However, since these dummy electrodes probably had little, if any, effect on zebra
mussel settlement rates, these electrodes were not deployed in 1992 or 1993.

1992 Study

Based on 1991 results, higher voltage fields were tested in 1992. The economic
feasibility associated with projected power costs for full-scale operation to generate the
1992 "higher voltage" study was determined upfront. The costs, though higher, were
stin reasonable. Applying 250 volts AC across the electrodes of a Type 1 configuration
resulted in the generation of a field of 39 volts measured over one centimeter between
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TABLE I

SUMMARY OF ELECTRICAL TREATMENTS FOR ELECTRIC FIELD TESTS

~ ~ Configuration Type 1
~ ~ Configuration Type 2
~~ Configuration Type 3
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the configuration electrodes. Type 2 configurations were not utilized in 1992 because
they were economically less feasible. Also, DC voltages were not applied due to the
lack of equipment necessary to generate the higher DC field intensities.

The test aliparatus that was used in 1991 was modified for 1992 tests. The modifications
included new power supply equipment to provide the increased AC voltage,
implementation of more safety precautions to restrict the study area to authorized
personnel, deployment of' two Type 1 configurations per flume to compare settlement
rates within as well as across flumes, and a change in the flume weirs from a bottom gate
spill to an overflow spill to prevent the buildup of f1otsam.

A total of eight Type 1 configurations were exposed to zebra inussel post-veliger
settlement in two test periods  Table 1!. Only two flumes, one "test" and one control,
were used during each period. In a "test" fiume, one configuration was electrically
treated while the other was an "in line" control. The control" flume contained two
configurations, neither one electrified. A configuration was deployed in a third flume
and was examined biweekly using a hand-held microscope, so initial zebra mussel
settlement could be determined without disturbing the test or control configurations. This
configuration was not analyzed for experimental results.

1993 Sbrdy

In 1993 the AC voltage which was first tested in 1992  at 39 volts/crn! was retested using
the same approach and test apparatus. A DC capacitive discharge  puLse-power! voltage
was also tested. The DC pulse generator had a pulse rate of 10 pulses/second, a duty
cycle of 60 milliseconds, and a field strength of 26.2 volts/crn  peak!. Post-veligers
would only be exposed to an estimated four-to-five pulses during transit between the
electrodes. As a result of capacitor discharge, as influenced by the conductivity of the
water, there was an exponential drop in the fieLd strength over time.

In 1993, data from two test periods were collected. In Test Period 1, six Type 1
configurations were exposed to zebra mussel post-veligers  Table 1!. Two test flumes
and one control flume were used. Due to delays in obtaining the necessary equipment
for the DC test, the two Type 1 configurations deployed in the DC test flume were
exposed to the settlement of zebra mussel post-veligers during the last two weeks of Test
Period 1. Eight Type 1 configurations and eight Type 3 configurations were exposed to
zebra mussel post-veligers during Test Period 2. Two test flurnes and two control flumes
were used. Type 3 configurations were deployed immediately upstream of all Type 1
configuration arrays.
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RESULTS

Effects of' Electrical Current on Zebra Mussel Settlement

Densities of settled post-veligers were quite low in all four tests conducted in 1991. This
may be attributed either to delays in initiation of testing or to overall low densities over
the entire season. The highest settlement densities were in Tests 1 and 2, which ranged
from 776 to 8,302/m~. Densities in Tests 3 and 4 ranged from 14 to 104/nP.

Although the experiment was designed to equally apportion the incoming population of
larvae among the four test flumes, it was uncertain whether consistent distribution
patterns existed. Veliger densities probably varied among flumes and over time based
on limited veliger sampling conducted by RG8cE and Acres. Since observations indicated
that it was probable that veligers were not evenly distributed among test and control
flumes, no statistical analysis was conducted on the 1991 results.

Even though 1992 testing encompassed the zebra mussel settlement season, very low
densities of settled mussels were observed {0 to 41/m !. This was probably due to the
reported poor settlement throughout the lake in 1992. To address the uneven veliger
distribution problems encountered during the 1991 study, a new treatment/control
scheme was employed where two Type 1 configurations  upstream and downstreain! were
placed in each flume. However, due to the extremely low numbers of settled veligers,
no statistical analysis was performed.

In 1993 veliger densities, though higher than in 1992, were considered to be low. The
DC flume in Test Period 1 was started approximately one month after the control and AC
flumes were set up and in place for only 13 days, missing the peak settlement period.
Test Period 1 had higher densities  ranging from 24 to 2,047/m ! than Test Period 2
 ranging from 6 to 53/m2!.

Each flume contained two Type 1 configurations  upstream and downstream!. Paired T-
tests were conducted on both configurations' steel plate arrays in the control flumes to
determine if significant differences in veliger settlement were present. No significant
differences  P ! 0.05! were found in any control flumes during Test Periods 1 and 2.
Configuration position did not influence zebra mussel settlement.

Paired T-tests were conducted to determine if any differences in the number of rnussels
counted on upstream and downstream arrays in AC and DC test flumes were significant.
The only significant difference  P   0.05! found was in the DC flume in Test Period 2
where 88 percent more veligers settled on the upstream array than on the downstream
array.
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To determine if AC and DC currents had any residual or stun effect on settling post-
veligers, the number of settled individuals counted on the upstream half of each array
was compared to the number counted on the downstream half. Significant differences
were observed for the number of mussels found on the downstream DC array and on the
downstream AC array during Test Period 1. In the DC array, the downstream half
contained 83 percent more mussels than the upstream half. In the AC array, the
downstream half contained 35 percent more mussels than the upstream half. During
array removal, field scientists noticed that fewer mussels settled on flume walls within
the electric field. During Test Period 2, plexiglass plates  Type 3 configurations! were
added to observe any differences. However, the settlement season was ending and
extremely low numbers of settled mussels were found, so no analysis was performed.

Both Type 1 configurations in the AC test flume  Test Period 3! were left in place until
February 1994 in an effort to examine winter settlement by post-veligers or translocators.
Upon retrieval, no settlement was observed within any flume. No settlement was
observed after examination of 10 percent of the "in line" control array and 10 percent
of the AC test array, so laboratory analysis was discontinued.

Electric Field Geaemtion and Effects on Equipnent

Both alternating current  AC! and direct current  DC! electric fields were used in
experiments in 1991 and 1993. Both types of fields were studied primarily to investigate
the relative effectiveness of each to deter tnussel attachment. A secondary objective was
to investigate significant advantages that favor the use of one type of Md over the other
 i.e., if both work equally in deterrence, is there an advantage in application!.

Some differences in the behavior of the electrodes were predicted and experimentally
observed. Specifically, alternating current  AC! electric fields caused no significant
physical changes in the upstream stainless steel electrodes nor the array of steel plates
 downstream electrode!- for- Type 1 configurations, or for individual plates of Type 2
configurations, In the Type 1 control and AC test configurations, the stainless steel
upstreain electrode showed no sign of deterioration, and the downstream steel plate
electrodes showed only minor deterioration. However, direct current  DC, pulsed, and
continuous!, caused significant erosion of the upstream stainless steel bolt  anode! and
significant plating of primarily calcium carbonate on the leading edge of the downstreain
steel plate array  cathode!. This oxidation of the anode and plating on the cathode was
expected, but the rate of deterioration of the anode was much faster than expected. In
the 1991 test, within three weeks the anode almost completely oxidized into a red colored
gelatinous cylinder of mainly iron oxide. This oxidation of the anode could have been
eliminated by using a nonreactive conductive material as the anode, but because of the
relatively short duration of the experiment and budgetary constraints, stainless steel was
used. In 1993, a platinum clad anode, typically placed in cathodic protection systems,
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was used and oxidation of the anode did not occur. However, the plating on the cathode
 i.e., racks! was even further accelerated, relative to 1991, presumably due to the
increase in voltages used in the 1993 study.

The calcium carbonate plating on the Type 1 steel plate array was also expected, but not
at the deposition rate observed. Cathodic protection of trarhracks provided by the use
of DC would be an added benefit if the electric field could be sho~n to effectively
influence the attachment behavior of the zebra mussels without overplating the trashracks
during the mussel season. However, the spaces between the steel plates was almost
completely occluded after four inonths of exposure to the capacitive discharge field in
1993. This may create a greater reduction in flow than might be expected due to zebra
mussel attachment in the same time interval.

At the conclusion of the 1993 study, the Type 1 DC test configuration was left in the
flume to deterinine if the calcium carbonate would erode or redissolve in the water when
the generation of the DC field was discontinued. After approximately three months
exposed to the flow of water alone, no significant change was noted in the calcium
carbonate buildup.

CONCLUSIONS AND RECO1VVHKNDATIONS

The overall results of the study indicated that pulse-power DC is a better approach than
the tested AC method. As tested, however, neither approach was 100 percent effective
in preventing attachment of post-veliger mussels to a treated surface.

In general, the results of the 1991 and 1992 tests were inconclusive and the fields, as
tested, were not providing 100 percent protection. Analysis of data collected in 1993
provided more detailed insight into the effects of electric fields.

In the capacitive discharge DC tests, the overall settlement reduction on a test array,
when coinpared to a corresponding control array, was inconsistent between test periods.
In one of the two tests no significant effect was observed, while in the other a greater
than 85 percent overall reduction  P   0.0S! in settlement on the test array was
observed. The inconsistency in the observed effect between periods inay have been
related to variability in veliger settlement densities and/or temperature variation between
test periods. However, the study was not designed to test for the effects of these factors.

In the AC tests, there were no significant differences between settlement on the treatment
and control iacits in either test period.

Data suggest that the AC and DC fields may elicit a short duration stunning effect on the
post-veligers. Significant reductions in settlement densities between the upstreain to
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downstream test array halves �5 percent and 83 percent, respectively! were found in
both the AC and DC tests conducted in Period l. There were, however, no significant
reductions in settlement for any control array halves.

In summary, the AC fields, generated by an experimental system, provided only one
instance where a significant reduction in veliger density was observed. Experimental AC
systems, as tested, could probably be enhanced to provide acceptable settlement
reductions, and then developed for commercial applications. The costs to operate such
an AC system would probably be significantly higher than for a comparable DC system.
The DC pulse-power or capacitive discharge system, as tested, demonstrated significant
reductions  > 80 percent! in settleinent in two of the four tests. Although promising,
this technology would also need- refinement prior to full-scale application. The
manufacturer of the tested commercial DC system can modify the existing fish guidance
system to increase the repetition rate and/or the magnitude of the DC pulse, while
reducing the duty cycle to less than 60 milliseconds for use as a zebra mussel control
device. This should enhance the stun effect on post-veligers while maintaining acceptable
operational costs. Calcium buildup on the leading edge of the downstream electrode will
have to be addressed, but it should not be an insurmountable or cost-prohibitive problem.
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ABSTRACT

The emersion tolerance of zebra mussels  Dreissena polynforpha! and quagga mussels
 Dreissena bugensis! were comparatively studied. Mussels  n = 60! were cmersed at
15'C under relative humidities  R.H.! of < 5%, 33%, 53%, 75% and > 95 %. LTs,
 i.e,, time for 50% sample mortality estimated by probit analysis! in D. polymorpha
ranged from 67.7 h in   5% R.H. to 266.2 h in > 95% R.H. and SM,~ values  i.e.,
time required for actual 100% sample mortality! from 120 h to 537 h. LT5, and SM,~
value ranges for D. bugensis were 80.4 h to 238.2 h and 120 h to 312 h, respectively.
Total water lost during emersion ~, total water is corporal plus extracorporal
water! was positively correlated with shell length  SL! and hours of emersion. WhBe
affected by R.H., TWL did not differ between species When TWL was expressed as
a percent of total water  PTW!, correlation with SL was lost while that with emersion
lime was retained. As with TWL, PTW lost was affected by R.K, but did not vary
between species. At equivalent SL, total water ~ content was reduced in D.
bugensis relative to D. polymorpha, due to its reduced internal shell volume. Mean
percent of TW lost just prior to death in both species ranged from 45-60% at 5%-
53% R.H. suggesting that a 45%-60% loss of TW was lethal. In contrast, mean
percent of TW lost just prior to death was reduced in D. polymorpha at > 95% R.K
and in D, bugensis at 75% and > 95% R.H., suggesting that, at higher R.H., death did
not result from desiccation, but from accumulation of toxic anaerobic end-products.
Emersion tolerance measured as SM,Nl values was reduced in D. bugensis compared to
D. polymorpha at 53% - ! 95% R.H. The reduced SM,~ values of D.bugensis and
very low fraction of TW lost by this species just prior to death at 75% and > 95%
R3i. relative to D. polyrnorpha reflect its general restriction to greater depths where
probability of emersion is low. Overall, emersion tolerance in both species is reduced
compared to native North American bivalves. Recommended emersion times for
mitigation of D. polymorpha fouling will also be effective for D, bugensis.
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INTRODUCTION

The zebra mussel, Dreissena polymorpha, was introduced to North America in 1986.
It originally became established near the Lake St. Clair - Detroit River region. It is
believed that mussel larvae were released into the Great Lakes with the ballast water
discharge or as adults escaping anchor chains of ships arriving from Europe  Hebert,
er. aL, 1989; Mackie, et. aL, 1989, McMahon, er. aL, 1993!. Since its original

troduction, mussels have spread throughout Lakes Erie, Ontario, Michigan, Oneida,
the Finger Lakes, the Erie-Barge Canal, and the St. Lawrence, Hudson, Oswego,
Illinois, Mississippi, lower Ohio, lower Tennessee, lower Arkansas and lower
Cumberland Rivers  Zebra Mussel Information Clearinghouse, 1993!. Zebra mussels
are now spreading rapidly throughout North American inland waterways via dispersal
of adults attached to commercial barge hulls and downstream transport of their
planktonic veliger larvae  McMahon, 1992!. Reproductive zebra mussel populations
are now reported to extend downstream in the lower Mississippi River as far as New
Orleans  Zebra Mussel Information Clearinghouse, 1993!.

Also apparently introduced to the Great Lakes concurrently with D. polymorpha was a
second species of Dreissena originally called the "quagga mussel"  May and Marsden,
1992!. This second North American dreissenid species was recently identified as the
southeastern European species, Dreissena bugensis  University of Wisconsin Sea Grant
Institute, 1993!. Specimens of D. bugensis have more hterally compressed shell
valves than those of D. polymorpha and lack the latter species' distinctively flattened
ventral shell margins. D. bugensis is now found throughout Lakes Erie and Ontario,
the St. Lawrence River and the western portion of the Erie Barge Canal in upstate
New York  Dermott, 1993!, but, unlike D. polymorpha, has yet to invade Mississippi
drainages  Zebra Mussel Information Clearinghouse, 1993!. Dreissena bugerrsis is
sympatrically distributed with D. polymorpira over its present North American range,
with the proportion of the two species in dreissenid populations varying greatly on
both micro- and macrogeographic scales  Dermott, 1993!.

Adults of both D. polymorpha and D. bugensis attach to natural hard substrata such as
rocks, wood and macrophytic plants and to man-made structures constructed of
concrete, metal piping, steel, nylon, fiberglass and wood. Attachment is by a holdfast
of proteinaceous byssal threads produced f'rom a gland just posterior to the foot
 Mackie er aL, 1989; McMahon, 1990!. In both species, individuals byssally attach to
the shells of other mussels, forming encrusting mats many shells thick �0 - 30 cm!
 McMahon, 1990!. When such thick encrustations of mussels form on man-made
structures or within raw water systems, they negatively impact their operation and
efficiency. Because of its capacity for macrofouling, D. polymorpha  zebra mussel!
has already had major detrimental impacts on recreational boating and commercial
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shipping as well as on raw water using industries, potable water treatment plants and
electric power stations in North America  Roberts, 1990; Claudi and Mackie, 1993!.

Presently, the main control technologies for zebra mussel macrofouling center on
molluscicides such as chlorine, bromine, ozone, aromatic hydrocarbon compounds and
quaternary ammonium compounds  Electric Power Research Institute, 1992!.
However, federal and state regulations for use of molluscicides in controlling
macrofouling by dreissenids and other freshwater macrofouling bivalves  i.e.,
Corbicula fluminea, the Asian clam! are likely to become increasingly restrictive.
With the specter of nearly every raw water using facility on the major waterways of
the Mississippi Drainage applying molluscicides to control zebra mussel fouling, and
presently increasing mussel infestations of raw water facilities on the Great Lakes,
molluscicide usage will be highly regulated in osier to prevent water quality
degradation and maintain drinking water standards  McMahon er a1�1993!.
Therefore, in order to maintain the quality of North American waterways there is
likely to be an increasingly greater priority placed on the development of reliable,
cost-effective, environtrientally acceptable, nonchemical zebra mussel macrofouling
control technologies.

Among nonchemical dreissenid mitigation strategies, dewatering of infested structures
to expose mussels to lethal levels of desiccation appears to be a readily applied,
efficacious and environmentally neutral technology worthy of further attention  Claudi
and Mackie, 1993; Electric Power Research Institute, 1993; McMahon, er al., 1993!.
Dewatering could be a particularly efficacious means of mussel control in raw water
systems such as navigation locks and water intake structures that are designed. to be
periodically dewatered for maintenance. McMahon er al. {1993! have shown that
zebra mussels are much less tolerant of emersion than are the majority of native North
American bivalves. Mathematical models predicting the duration of emersion required
for mitigation of D. potymorpha infestations relative to exposure air temperature and
relative humidity have been developed  McMahon et al., 1993!. In contrast, there is
no available information on the desiccation tolerance of D. bugensis. In raw water
systems drawing from the Great Lakes, D. bugensis and D, polymorpha can form
mixed tnacrofouling populations  Dermott, 1993!. Thus, if the levels of desiccation
lethal to D. polymorpha are also lethal to D. bugensis, similar durations of dewatering
and emersion could be utilized to mitigate fouling by pure populations of either
species or mixed populations of both species.

Dreissena bugensis has been reported to be a deeper water species than D. potymorpha
 Dermott, 1993!. Restriction to deeper water, suggests that D. bwgensis may be less
tolerant of emersion than D, polymorpha whose populations extend nearly to the
surface  Mackie er aL, 1989! where they can be emersed by natural water level
variation. This paper presents results of a study comparing the desiccation tolerance
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of D. bugensis and D. polymorpha, allowing analysis of the potential for dewatering to
be an effective, noncheinical mitigation technology for both species, The results are
also utilized to relate desiccation tolerance to differences in the depth distributions of
the two species.

METHODS

Specimens of D. polymorpIxa were collected fxom the intake of a power station
drawing water from Lake Erie near Cleveland, Ohio. Specimens of D. bugensis were
taken from the western basin of Lake Erie near the City of Monroe, Michigan. They
were shipped overnight emersed on moist paper toweling in insulated, cooled
containers to the University of Texas at Arlington. On arrival, they were maintained
in 284 1 of continually aerated, dechlorinated, City of Arlington tap water in a
refrigerated 'Living Stream' holding tank at a constant water temperature of 5 C
8!.5'C without feeding for no more than 30 days before utilization in experiments.
Specimens of D. polynrorpha held under these conditions show no significant
reduction in tissue mass or loss of condition over the short 30 day pre-experimental
holding period  Chase and McMahon, 1994!.

Prior to determination of emersion tolerance, adult individuals of both species were
randomly selected  mean shell length for D. polymorpha = 20.2 mm, range = 15-27
rtun, n = 300; mean shell length for D. bugensis = 21.8 mm, range = 14-30 mm, n =
296!, individually marked by painting an identifying number on the shell, wet weighed
to the nearest 0.1 rng, and reimmersed for 24 h. After 24 h reimmersion, separate
samples of 60 mussels of both species were ernersed in desiccation chambers under
five different relative humidity conditions. Specific relative humidity  R.H.! levels
wexe maintained in the desiccators over saturated salt solutions. Mussels were held
above these solutions on stages constructed of 0.5 cm wire mesh covered with a 1 mm
nylon mesh. Tested R.H. levels were: < 5' RA. maintained over silica gel desiccant,
33% R.H. over a saturated solution of magnesium chloride  MgC1,.6H,O!; 53% R.H.
over a saturated solution of magnesium nitrate  Mg NO,!,. 6H,O!; 759o R.H. over a
saturated solution of sodium chloride  NaCl!; and > 95% R.H. over distilled water
 after Byrne er. aL, 1988!. Desiccation chamber temperature was held at a constant
15'C &.2'C in a xefrigerated incubator.

Periodically, subsamples of six individuals of either species were removed f'rom each
desiccator, xeweighed and their viability tested by rehydration in dechlorinated tap
water for 12 h at room temperature �2-24'C!. After rehydration, viability was tested
by touching rnussels in the vicinity of the siphons and posterior mantle tissues with the
tip of a small paint brush. If this stimulation did not elicit an immediate valve closure
response, the individual was considered to be dead. Subsarnpling frequency was
designed to encompass a total duration of emersion over which subsamples exhibited

354



100% survival through to 100% mortality. Lethal emersion times were estitnated as
LT~ values  estimated time for 50% sample mortality! determined by probit analysis
 Bliss, 1936! and SM,o, values recorded as the actual time to the first observation of
100% subsample mortahty.

At the end of the recovery period, aH sampled individuals were oven dried to constant
weight at 90 C. Subtraction of specimen dry weight from initial wet weight yielded
the total water weight  TW, total water weight = corporal + extracorporal water weight
[i.e., body + mantle cavity water weight]!. Subtraction of the wet weight after
emersion from the initial, pre-emersion wet weight. yielded the weight of water lost
during the emersion period. Water loss was also expressed as the &action of total pre-
ernersion water weight in fully hydrated individuals  after Byrne et, aL, 1988!.
Computation of mean fraction of TW lost values for subsamples of individuals
removed at different periods over the course of emersion aHowed estimation of
cumulative water loss over tolerated emersion periods. In aH cases, water loss values
where only computed for individuals surviving a particular duration of emersion. In
all statistical analyses, statements of significance are at an error level of a 5 0.05.

RESULTS

Multiple Least Squares Linear Regression Analyses of the natural logarithm On! of the
weight of water lost versus ln time of emersion, sheH length and R.H. as independent
variables revealed that these independent variables explained 86% of all variation in
weight of water lost in D. polymarpha and 84% in D, bugensis. Such high levels of
correlation indicated little or no desiccation chamber effect on water loss rate in either
species, allowing subsequent statistical analyses to utilize individual rnussels as the
experimental unit. For emersed specimens of D. polyrnorpha and D. bugensis, water
loss rates were clearly correlated with R.H. Multiple Factor ANQVA indicated that
the natural logarithm transformed weight of water lost during emersion increased with
the covariants of size measured as shell length  SL! and the natural logarithm of hours
of emersion  P   0.00001!. In contrast, there was no detectable difference in the
weight of water lost between the two species  P = 0.796!. Lack of difference in water
weight lost occurred in spite of a reduced pre-emersion total water weight in
specimens of D. bugensis relative to those of D. polymorpha of equivalent SL  Fig. 1!
 P < 0.00001 as revealed by ANCOVA analysis of 1n total water weight with SL as
the covariant [P < 0.0001]!. In contrast, water loss decreased significantly with
increasing R.H. being insignificantly different between the 5% and 33% R.H. groups
and the 53% and 75% R.H. groups, but significantly different between these two
groups and mussels exposed to 95% R.H.  Table 1!. Similar results were recorded for
water loss expressed as a percent of TW  FPV! excepting a lack of correlation
between SL and PTW lost  Table 2!. These results indicate that while smaller
individuals lost smaHer actual volumes of water than did larger individuals, relative
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356



water loss expressed as a percentage of total available water was independent of size
over the experimental SL range of 14-30 tnm.

Multiple Factor ANOVA testing indicated that the mean FPvV lost just prior to death
 i.e., mean percent of TW lost of individuals in the sample just preceding the sample
in which greater than 60% mortality was recorded! was significantly different under
different R.H. treattnents  P < 0,0001! and between the rwo species  P < 0.0151!, but
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o 1.2

~ 1.0

y 0.8

� 0.6
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18 24 30

S he ii L en g th  mm!

Fig. 1. The relationship between total water ~eight  TW = corporal + extracorporal
mantle cavity warer weight in grams!  vern'cal axis! and shell length  SL in mrn!
 horizontal axis! of adult specimens of Dreissena bugensis  crosses! and Dreissena
polyrnorpha  open circles!. The dashed line represents the best ftr of a least squares
regression relating the natural logarithm of total water weight to shell length in D.

bugensis as follows: ln TW  g! = - 3.6023 + 0.1463  SL in mm!
 n = 296, r = 0.867, F = 894, P < 0.00001!.

The solid line represents the best fit of a similar regression for D. polymorpha as
follows:

ln TW  g! = - 3.2800 + 0,1379  SL in mm!
 n = 300, r = 0.896, F = 1219, P < 0.00001!.
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Fig. 2. Mean percent of total warer  corporal + extracorporal mantle cavity
water! lost j ttst prior to death  venical axis! by specimens of Dreissena
bugensis  solid histograms! and Dreissena polymorpha  cross hatched
histograms! at various relative hwnidities  horizontal axis!. Vertical bars
above histograms represent standard errors of the means,

When mean PTW lost just prior to death values were compared across species,
values were similar for D. polymorpha and D. bugensis at relative humidities
of < 5% thxough 53% at approximately 45% to 60% of total water. In O.
bttgensis, FPV lost just prior to death declined to < 30% at 75% R.H. and <
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was not correlated with SL  P > 0.649!  Table 3!. Percent of TW lost just prior to
death was least at ! 95% R.H., and insignificantly different between 53% & 75% R3i.
treated mussels and < 5% k 33% R.H. treated mussels. The percent of TW lost just
prior to death values recorded in these 53 & 75% R.H. and < 5% & 33% R3i. groups
were significantly different from each other and both were different from that recorded
at ! 95% R.H.  Table 3!.



10% at < 5% R.H.  Fig. 2! In contrast, PTW lost just prior to death at 33%
R.H. in D. polymorpha remained similar to that recorded at lower R.H. and
declined to   30% of total water only in the ! 95% R.H. treatment. Thus, at
75% and ! 95% R.H., PTW lost just prior to death was 2-3 times greater in D.
polymorpha than in D. bugensis  Fig. 2!.

70

30 60 90 120

50 100 1 00 200 300

Hours of Emarsfor1 at 15 C

Fig. 3. Mean curnulatt've percent of total water  corporal + extracorporal
mantle cavity water! lost during emersion  vertical axis! by specimens of
Dreissena bugensis  solid triangles and dashed lines! and Dreissena
polymorpha  solid circles and solid lines! during emersion at l5'C in relative
humidines of  A! < 5%,  B! 33%,  C! 53%,  D! 75% and  E! ! 95% .
Vertical bars about means represent standard errors of the means,

The reduced PTW lost just prior to death in specimens of D. bugensis under
75% and ! 95% R.H. was also rejected in the cumulative water loss rates of
emersed specimens of this species. At < 5%, 33% and 53% R.H., cumuhtive
FPV lost was essentiaUy similar between the two species over their tolerated
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Flg. 4. Emersion tolerance in Dreissena bugensis and Dreissena polyrnarpha
at 15'C and various relative hurnidities  horizontal axis!. The vertical axis is
emersion tolerance time in hours expressed either as  A! LT~  time for 50%
sample mortality esrimated by probit analysis! or  B! SM,~  actual time for
l00% sample mortality!. In both figures, stippled histograrns represent
emersion tolerance values in D. bugensis and solid histograms, emersion
tolerance times in D. polymorpha.

emersion periods  Figs. 3A-C!, however, at 75% and 95% RM, cumulative
PTW lost did not increase as rapidly in D. bugensis with duration of emersion
as it did itt specimens of D. polymorpha leading to the reduced PTW lost just
prior to death values recorded for D. bugensis at these two elevated R.H.
treatmettts  Figs. 3D and E!.
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Measured as LT~ values  estimated time for 50% sample mortality, Bliss
1936!, desiccation tolerance was essentially similar in specimens of D.
polymorpha and D. bugensis across all R.H. treatments  Fig. 4A! in spite of
lower PTW lost just prior to death values recorded for D, bugensis  Fig. 2!. In
contrast, times to actual 100% sample mortality  SM,o,! werc 25% to nearly
100% grcatcr in D, polymorpha at the higher R.H. treatments of 53%, 75% and
> 95%  Fig. 4B!.

DISCUSSION

Until very recently, dewatering and exposure to lethal desiccation have had no
experimental attention as a potential dreissenid macrofouling mitigation
strategy. The only previously available information on desiccation tolerance in
zebra mussels carne indirectly from a study of their capacity to buffer the
hemolymph  i.e., blood! pH while emerscd. Mussels emersed at room
temperature �0-22'C! without controlled R.H. in this prior study survived
emersion no longer than four days  Alyakrinskaya, 1978!.

McMahon et aL �993! described experiments designed to determine the effects
of R.H and temperature on emersion tolerance in D. polymorpha. Multiple
Linear Regression tnodels were developed which could be utilized to estimate
LT~ and SM,~ times based on emersion temperature and R.H. conditions.
Results showed that emersion tolerance increased exponentially with declining
temperature and increased linearly with increased R.H.. At 25'C, R.H. had
little effect on lethal emersion times in D. polymorpha with 4-5 days required
for 100% mortality, a level of emersion tolermce sinnlar to that reported by
Alyakrinskaya �978!. However, at temperatures below 25'C, relative humidity
became an increasingly important factor such that emersion durations at
temperatures below 15'C, particularly at higher R.H., were extended beyond 10
days, rendering the recommended practice of holding of recreational boats out
of water for 2-5 days to kill attached zebra mussels prior to transportation
between water bodies  Ontario Ministry of Natural Resources, 1990, 199 la,
199lb! unlikely to be effective except during the warmest summer months.
For similar reasons, it was suggested that dewatering of mussel infested
structures for tnitigation of zebra mussel fouling was likely to be most
efficacious at ambient air teinperatures above 20'C where emersion tolerance
times were relatively short  < 5 days! regardless of R.H.  McMahon, er, al.,
1993!.

Our present results indicate that, at 15 C, the emersion tolerance of D. bugensis
expressed as LT~ or SM,~ values was either equivalent to or less than that of
D. polymorpha over a relative humidity range of < 5% to > 95% The
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equivalency of emersion tolerance between D. bugensis and D. polymorpha
strongly suggests that the emersion times reported to be effective in mitigating
infestations of D. poQmorpha  McMahon er al., 1993! will also be efficacious
in mitigating D. bugensis rnacrofouling,

Our data suggest that both quagga and zebra mussels are relatively intolerant of
prolonged emersion relative to other freshwater bivalve species. At 15 C
between   5% and 75% R.H., Asian clams  Corbicula fluminea! can tolerate
emersion more than twice as long as D. polymorpha or D. bugensis  Dreissenid
SM,~ range = 115-530 h, Fig. 4B!  Byrne er. aL, 1988!. Both freshwater
unionid and sphaeriid bivalves appear to be much more tolerant of emersion
than D. polymorpha or D. bugensis. Riverine and pond unionids and sphaeriids
can survive many months emersion at high temperatures when exposed to air
by receding water levels during droughts and dry seasons  for a review see
McMahon, 1991! while zebra and quagga mussels can survive a rrmximurn of
only 22 days in water saturated air  > 95% Rdi.! at a relatively low
temperature of 15'C  Fig. 4B!.

The very reduced emersion tolerance of dreissenids relative to unionid and
sphaeriid bivalves suggests that they, like the emersion intolerant C, fltrminea,
are only recent invaders of freshwaters  McMahon, 1991!. The frequency and
duration of emersion experienced by intertidal bivalves is much shorter and
more predictable than that experienced by freshwater bivalves, thus, tnarine
species are generally less tolerant of emersion than freshwater bivalves
 McMahon, 1991!. Neither zebra mussels or Asian clams appear to have had a
long enough evolutionary history in freshwater to have fully evolved the high
levels of emersion tolerance characteristic of most freshwater unionid and
sphaeriid bivalve species whose evolutionary histories in freshwater extend
from the Triassic and Cretaceous periods, respectively  McMahon, 1991!.

At 15'C, FPV loss prior to death in zebra mussels ranged from 45% to 60%
over c 5%-S3% R.H. in both D, polymorpha and D. bugensis. This range of
tolerated water loss was similar to that of specimens of C. fluminea emersed
under similar conditions   50-80%!  Byrne, er. al,, 1988! and fails within that
reported for three species of freshwater unionids more tolerant of emersion than
zebra mussels  Holland, 1991!. The similarity of PTW loss prior to death
values for zebra mussels emersed in < 5%-53% R.H. to that reported for other
freshwater bivalve species suggests that mussels emersed under these
conditions died as a result of lethal tissue desiccation. At 75% RA., the FPYV
lost prior just to death in D. polymorpha remained above S0% suggesting that
death also resulted &om lethal tissue desiccation at this relatively high R.K In
contrast, PTW loss just prior to death was only 22% at 75% R.H. in D,
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bugensis  Fig. 2!. At > 95% R.H., PTW lost just prior to death in both D.
polymorpha �3% of TW! and D. bugensis  8% of TW! was considerably
below that recorded at relative humidities of 53% or less  Fig. 2!. The
occurrence of mortality at elevated R.H. at lower than maximally tolerated
levels of desiccation suggests that death of emersed specimens of D,
polymorpha at > 95% R.H, and D. bugensis at 75% and > 95% RA. was not
due to lethal tissue desiccation. Rather, some other emersion induced stress
such as accumulation of toxic anaerobic metabolites, disruption of hernolymph
acid-base balance, ammonia toxicity or exhaustion of organic energy stores
must have been the cause of death  for reviews see McMahon, 1991; Byrne
and McMahon, 1994!.

When emersed at high relative humidities, shallow water, emersion tolerant
freshwater bivalves including unionids  Holland, 1991; Byrne and McMahon,
1994! and C. flrrIninea  Byrne er aL, 1990! and marine intertidal bivalves
 McMahon, 1988! periodically gape the valves allowing uptake of oxygen
across the exposed epithelial surfaces of mucus-fused mantle edges. Such
periodic aerial gas exchange behavior allows maintenance of an aerobic
catabolism, but results in elevated water loss rates. In contrast, deeper water
bivalves, not adapted to periodic emersion, keep the valves tightly closed in air
and catabolize anaerobically. While this behavior greatly reduces water loss,
it results in the rapid accumulation of toxic anaerobic metabolic end-products
to lethal levels. Thus, even though emersed deep water bivalve species often
lose water at a slower rate than do shallow water species, they are generally
less tolerant of aerial exposure than shallow water species because of their
dependence on anaerobic rather than aerobic catabolism.  McMahon, 1988;
Byrne and McMahon, 1994 and references therein!.

While emersed at high relative humidities, specimens of D. polymorpha were
observed to periodically gape the valves and expose mantle tissues allowing
aerial gas exchange. In contrast, specimens of D. bugensis gaped only when
approaching death. Suppression of mantle edge exposure behavior in D.
brtgensis in high relative humidities may have lead to the reduced water loss
rates recorded at 75% and ! 95% R.H. relative to that of D. polyrnorpha  Fig.
3D and E! and could have accounted for the very reduced PTW lost just prior
to death at 75% and ! 95% R.H. �2% and 8% of total water, respectively, Fig.
2!, particularly if maintenance of shut valves caused rapid accumulation of
toxic anaerobic end-products to lethal levels.

In Lake Erie, the proportion of individuals of D. bugensis in mixed
zebra/quagga mussel populations changes with increasing depth. They
averaged 1-50% of mussels in shallow, near-shore waters and increased in
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numbers with increasing depth up to 20 m depth below which they made up
100% of the population with living specimens being found to depths of 63 rn
 Dermott, 1993!. In contrast, D. poiyrnorpha populations generally reach
maximum densities between depths of 1-16 m and do not extend below the
thermocline  Mackie ex aL, 1989!. Thus, D. polymorpha populations can be
periodically emersed by natural changes in water level while the more deeply
distributed D. bugensis would rarely experience emersion. This differenc in
depth distribution also seems to be reflected in their emersion tolerance. Zebra
mussels have greater emersion tolerance, reflected in elevated SM,~ values, at
high R.H.  Fig. 48!. In addition, specunens of D. polyrnorpha emersed at high
R3i. display periodic mantle edge exposure behavior for aerial gas exchange
and correspondingly elevated water loss rates characteristic of shallow-water,
etnersion-tolerant freshwater bivalve species. In contrast, specimens of D.
bugensis emersed in high R.H. maintain closed valves likely to result in
anaerobic catabolism leading to rapid accumulation of anaerobic end-products
to lethal levels typical of emersion intolerant deep water bivalve species.
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ABSTRACT

When electric utilities and other water users on the Great Lakes were con&onted with
operating problems due to zebra rnussels, Commonwealth Edison Company  CECo!
established a task force to develop a plan to counteract the threat at the CECo electric
generating stations. A inonitoring program was initiated at the stations and an evaluation
of control options was started. At State Line Station, located on the southern tip of Lake
Michigan, CECo experimented with thermal treatment of the circulating water and service
water systems. The station design allows recirculation of the cooling water with minimal
modifications. The trial at State Line Station proved successful in controlling the zebra
mussels with minimal impact on operations. Based on the successful trial and the task
force's assessment of other control options, CECo determined that, for their coal-fired
generating stations, thermal treatment was the most cost-effective approach, with the least
impact on station operation and the environment.

Of the 10 coal-fired generating stations operated by CECo, 8 have been selected for
modifications, The other 2 stations have not yet been affected by zebra rnussels. Before
performing detailed design, a study was performed for each station to evaluate the
operation of the equipment at elevated temperature and to determine the operating limits
needed at the target treatment temperature of 95' F. Conceptual designs for the
modifications were developed, and the most cost-effective arrangement was selected for
detailed design.

Case studies of the modifications being constructed at several stations are presented, The
modifications to the circulating water systems are described. Initial results of the treatment
are reviewed.
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Vf TRODUCTION

Conunonwealth Edison Company  CECo! has found a simple approach to control zebra
mussels at the utility's stations: hear. Thermal treatment is accomplished by recirculating
the condenser discharge to raise the circulating water  CW! and service water  SW!
temperature to 95 F. The efFectiveness of thermal treatment was demonstrated at CECo's
State Line Station in 1990 and 1991. At the State Line Station, the plant arrangement  see
Figure 1! allows recirculation of the heated discharge back to the crib house and CW and
SW pumps by opening the division wall and north and south recirculation gates. Thermal
treatment took 10 hours to raise the water temperature and an additional 6 hours to
maintain the 95' F treatment temperature. A diver's exam showed 100/o zebra mussel
mortality.

In parallel with the State Line demonstration, a CECo task force assessed treatment
options for all their stations, The task force determined that thermal treatment was the
least-cost control approach considering construction costs and long-term operating and
maintenance expenditures, Compared to other alternatives, thermal treatment minimizes
unit deratings and outages and minimizes impact to the environment. Based on the task
force's assessment and the successful treatment at State Line Station, thermal treatment
was selected as the preferred, least-cost method to control zebra rnussels at their fossil-
fueled stations.

This paper discusses the steps Commonwealth Edison Company took to develop a control
strategy and why thermal treatment was selected as the preferred approach for their
stations. The paper also provides examples of the station modifications and the results of
thermal treatments performed to date.

BACKGROUND

Commonwealth Edison Company provides electric service to the northern one-fifth of
Illinois, a service territory covering 11,500 square miles. CECo has over three million
customers and eight million residents in their territory. CECo owns and operates 10 fossil-
fueled and 6 nuclear stations. These 16 stations have a combined net generating capacity
of 22,522 megawatts. Three stations  two fossil and one nuclear! are located next to Lake
Michigan and get their cooling water from the lake. The other stations are located inland
from Lake Michigan and obtain cooling water from either �! a river or canal or �! a
man-made cooling lake, Zebra mussels have been sighted at all but one of the stations.
Figure 2 shows Commonwealth Edison service territory and their fossil stations in Hlinois.

Zebra mussel colonies can afFect the generating station operation by clogging the vital
circulating water and service water systems. The mussels can attach to power plant
equipment including water pipes, crib houses, tunnels, traveling screens, bar grills, pumps,
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heat exchangers, and condenser tubes. The mussel colonies can reduce or cut flow to
critical plant equipment causing unit deratings or unplanned outages. In addition, the
operability of the fire water system can be threatened. To respond to this threat to the
operation of their stations, CECo established a task force to evaluate control alternatives
and to develop a system-wide zebra mussel control strategy.

DKVELOPING A TREATMENT STRATEGY

In 199 l, CECo established a zebra mussel task force comprised of representatives from
the generating stations, engineering and support services, and environmental services. The
task force was charged with reviewing treatment options and with developing a
recommended treatment plan for all stations.

The task force approached the problem in the following steps:

~ First, the task force researched zebra mussels to understand their life cycle and
options for controlling them, The task force reviewed available literature,
information from other utilities, and reports from EPRI  Electric Power and
Research Institute!, and attended seminars and conducted tests at the stations.

Next, each control option was evaluated, including an assessment of the
efFectiveness, impact on station operation, and impact on the environment. For
each control method, budgetary estimates of capital and operating and
maintenance costs were developed.

Finally, after weighing these factors, a control strategy was selected, Priorities
for implementing the modifications were established based on results of
monitoring activities at the stations and the task force's determination of the
stations most susceptible to the zebra mussel threat.

There are several treatment methods that have been tried to control zebra mussels. The
task force evaluated three proven methods; mechanical cleaning, chemical treatment, and
thermal treatment. A brief discussion of each alternative and CECo's assessment of each
approach follows.

Mechanical Cleaning

Cleaning methods typically include manual labor and hand tools. High-pressure water jets
and mechanical cutting devices have also been used to dislodge the tightly adhered
mussels from large surface areas such as found in cribhouses and circulating water tunnels.
Cleaning heat exchangers, coolers, strainers, and other equipment includes disassembly,
manual cleaning, and reassembly of the equipment.
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The advantage of mechanical cleaning is its low capital cost, The disadvantages are that
 I! it is labor intensive and inust be repeated periodically as the zebra mussel colonies are
reestablished and �! station outage time or unit deratings are required to clean cribhouses
and the circulating water and service water systems.

Chemical Treatment

Chemical treatment involves use of oxidizing chemicals, primarily chlorine or bromine, or
nonoxidizing chemicals and inolluscides. CMorination is a common method that has been
used for water treatment for many years by industry and municipalities, Chlorination
includes the injection of chlorine, usually in the form of hypochlorite, and then dechlorina-
tion before the water is returned to the waterway in order to meet EPA limits on residual
chlorine. In addition, the EPA requires that the discharge be analyzed and monitored to
demonstrate that the system is working properly and that the EPA limits are met,
Researchers continue to examine the potential health efFects of chlorine and other
cheinicals used for control of zebra mussels. CECo's experience with the EPA and other
regulatory bodies has been to reduce the amount of chemicals used at its stations and to
closely monitor the station discharge. EPA regulations place additional burdens on the
utility stafF to keep records and file reports on chemical usage,

Advantages of cheinical treatment are that  I! modi6cations can be constructed without
interruption of operations and �! treatment can be perforined without limiting operations.
Disadvantages of this approach are  I! the cost  which includes the capital cost for initial
installation, the daily cost of chemicals to chlorinate and dechlorinate, and other operating
and maintenance expenses!; �! a greater potential environmental impact; and �! the high
probability of future, more stringent, limits on use of chemicals.

Thermal Treatment

Thermal treatment uses heated water to control the zebra mussels. Experience has shown
that the mussels are killed when exposed to a water temperature of 95' F for approxi-
mately 4 hours. Thermal treatment for circulating and service water systems at electric
generating stations is accomplished by recirculating the heated condenser discharge back
to the circulating water intake. With each pass of the recirculated water through the
condenser, additional heat is provided by the steam turning the turbine, thereby raising the
temperature of the cooling water, The time needed to raise the teinperature to 95' F
depends on the starting temperature of the cooling water, the amount of thermal losses,
and the volume of water to be heated, These factors vary with station arrangement and
environmental conditions, such as lake temperature, at the time of treatment. ARer initial
treatment, periodic thermal treatment is performed to control reestablishment of the
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mussels. Other methods for supplying the heated water, such as electric heaters, can be
used to treat remote systems such as makeup pumps for cooling lakes and fire pumps.

Advantages of this approach include  l! the minimal environmental impact, �! the low
operating and maintenance cost, and �! the minimal impact on operations. Disadvantages
are  I! the high capital cost and �! that some outage time may be needed to construct the
modifications.

Selection of Preferred Treatment Method

The task force eliminated mechanical cleaning from consideration because of the disadvan-
tages mentioned earlier. For the remaining approaches, chemical and thermal treatment,
the task force developed estimates of capital, operating, and mamtenance costs for several
stations. The estimates, summarized in Tables l and 2, showed that thermal treatment is
the feast-cost option. The task force concluded that thermal treatment  l! was an efFective
method to control zebra mussels, �! has little impact on station operation, and �! has
minimal impact on the environment.

Based on their assessment and the successful treatment at the State Line Station, thermal
treatment was selected by the task force as the preferred, least-cost control approach, to
control zebra mussels at their fossil-fueled stations.

MODIFICATION DESIGN

CF.Co contracted Sargent k Lundy to assist in developing the conceptual design and then
in preparing the detailed design for the modifications for thermal treatment at their fossil
stations. The design process included the following steps:

~ Assess station operation at the 95 F treatment temperature.

~ Develop alternate arrangements considering the station configuration and
operating parameters,

~ Prepare construction cost estimates for the most promising alternatives.

~ Select the arrangement for detailed design,

~ Prepare detailed design documents for construction.

The operation assessment was an important aspect of the design to determine any oper-
ating restrictions required during the treatment period with the cooling water at 95' F.
Critical paraxneters that were evaluated for each station included turbine back pressure,

375



maximum service water temperature for operation of equipment such as the turbine lube
oil coolers, and permit limits on the discharge water temperature,

Thermal treatment involves recirculation of the large flows from the circulating and
service water systems. To reduce the cost of the modifications, they were designed for
reduced flow, one half of the maximum flow. This stipulation meant that treatment could
be performed on weekends or at night when unit loads can be less than full load.
Operating at lower than full load also helps keep the discharge temperature within permit
limits.

The existing plant facilities were considered in developing the arrangement for the
modifications. Where possible, existing and abandoned piping and structures were
incorporated into the design to reduce the cost.

The modification details were designed to minimize the outage time required for
installation, In addition, the construction schedule was coordinated with the existing
outage schedule. This arrangement ensured that station availability was not a8ected.

CASE STUDIES

The following case studies illustrate the modifications being constructed at several CECo
stations. As these examples show, the rnodifications vary significantly depending on the
plant arrangement.

Waukegan Station

Waukegan Station has three operating units with total net generating capacity of 625 MW.
It is located in northern Illinois near the Wisconsin border, Cooling water is provided &om
Lake Michigan via an open channel, and the discharge is returned to the lake in a parallel
channel separated from the intake by a sheet piling divider wall,

Figure 3 illustrates the modifications, which included a new gate structure across the
discharge channel with eight 10-foot-wide gates to block the flow. A new gate structure,
with three 10-foot 6-inch-wide gates, was added on the divider waH; these gates and the
three existing 8-foot-wide gates are used to recirculate the cooling water.

The modifications were designed based on the station operating at low load on a weekend.
The gates were sized for circulating water flow of 323,000 gpm, one half of the maximum
circulating water and service water flow.

The initial thermal treatment was performed on a Saturday in October 1993 when Lake
Michigan temperature was 56' F. The divider wall gates were opened and the discharge

376



gates were closed. In less than 8 hours the water temperature was raised to the 95' F
treatment temperature. Because of the long path that the recirculated water travels before
reaching the pump structures CECo was concerned about thermal stratification. CECo
feared that the lower areas of the structures and equipment might not see the heated
water, reducing the effectiveness of the treatment. To monitor the temperature profile,
station personnel took temperature readings across the height and width of the pump
structures and verified that the desired treatment temperature was achieved.

During treatment station personnel closely monitored operation of critical plant equipment
such as the turbine generator and lube oil coolers, One concern arose due to difFerential
thermal growth between the turbine low-pressure casing and the turbine shaft which
reduced critical clearance dimensions. To avoid this concern in the future, CECo plans on
reducing unit 1oad during future treatments to reduce the rate of temperature increase and
the differential movements,

After treatment, the remains of the zebra mussels from the structures, equipment, and
piping were found in the tubes of heat exchangers and the condensers. Ten cubic yards of
mussels were removed. Since this was the initial treatment, the mussels had grown for
several years to a size large enough to plug the 1/2-inch to 3/4-inch diameter tubes. Future
treatments are planned at least twice a year to kiU the mussels when they are small enough
to pass through the plant equipment.

Joliet Station 9 dk 29

There are two stations at Joliet: Station 29 on the north side of the Des Plaines River and
Station 9 on the south side. Joliet is located 55 miles southwest of downtown Chicago.
Both stations get cooling water from the Des Plaines River.

Joliet Station 29 has two operating units with a net generating capacity of 1025 MW. The
recirculation system at Joliet was designed for maximum circulating and service water
flow. The turbines at Joliet have restrictive limits on turbine back pressure when operating
with 95' F cooling water, limiting operations at reduced load. This restriction means that
treatment cannot be performed with reduced flows as at the other stations. Therefore, the
recirculation system was designed for the full circulating water flow of 920,000 gpm.

Figure 4 illustrates the modifications being constructed at Joliet Station 29. A 70-foot long
concrete tunnel with two 14-foot-wide by 10-foot 6-inch-high sections connects the
discharge flume to the intake. Two gates are provided at the entrance to the recirculation
tunnel and four 11-foot-wide gates are provided in the discharge flume to block the flow.
These isolation gates will regulate the amount of water recirculated to the intake
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At Joliet Station 9, only Unit 6 is operating with a net generating capacity of 302 MW.
Unit 5 is retired. The cost of the modifications at this station was rninIimized by
incorporating the abandoned Unit 5 circulating water pipe and pumphouse into the
recirculation How path, The modifications were designed for 168,000 gprn, one half the
maximum How.

Figure 5 shows the modifications at Joliet Station 9, The 11-foot diameter Unit 6
circulating water discharge pipe was connected to the 7-foot diameter Unit 5 supply pipe
to recirculate the discharge water to the Unit 5 crib house. A sheet piling waH and gate
structure were provided in front of the Unit 5 & 6 cribhouses to isolate the forebay fiom
the river and to complete the recirculation path.

A 12-foot square roller gate was added at the end of the discharge pipe to block the
discharge and initiate the recirculation How.

Will County Station

WiH County Station has four operating units with a total net generating capacity of 1092
MW, It is located 40 miles southwest of Chicago. Cooling water comes from the Chicago
Sanitary and Ship Canal, Each unit has a pumphouse that supplies water from the canal to
the station, The discharge goes to a common tunnel serving all four units which returns
the heated water to the canal, 1500 feet fi'om the intake.

Because of the plant configuration, the supply and discharge could not be economically
connected. Instead, the thermal treatment scheme established the recirculation circuit by
interconnecting the circulating water systems for two units, This arrangement takes
advantage of the existing piping configuration designed to allow back washing the
condensers. Figure 6 illustrates the recirculation paths for the paired Units 1 & 2; the
arrangement for Units 3 & 4 is similar. The Unit 1 & 2 scheme includes the following
features:

Connection of the circulating. water pipes for the two units near the condenser
with isolation and crosstie valves,

~ Connection of the adjacent circulating water pumphouses by cutting openings
in the divider walls, Gates were added to the new openings.

Use of existing bulkhead gates at the pumphouse inlet to isolate the
pumphouse from the canal,

These modifications provide a closed circuit for the cooling water. Thermal treatment wiH
be performed with one unit operating at reduced load and the other unit not operating.
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Cooling water will be supplied from one of the operating unit's circulating water pumps
�5,000 gpm! pumping water through the condenser. The valve in the discharge pipe at
the condenser outlet is throttled and most of the condenser discharge flows through the
new crosstie pipe then through the condenser of the nonoperating unit. The water is then
returned to the crib house through the circulating water supply pipe  flow opposite to
nortnal operation!, through the pumps of the nonoperating unit. Finally the water flows
through the openings in the divider walls to the pumphouse with the operating CW pumps,
completing the recirculation path.

The modifications for Units 3 k 4 are similar except that the units are larger and the
recirculatio~ flows are greater, making the modifications larger in size,

SVMMARY

These examples illustrate the modifications being constructed at the CECo stations to
accomplish thermal treatment, The concept of recirculating the condenser cooling water is
the saine at all stations; however, the different plant arrangeinents and other station
limitations called for unique and innovative designs,

Table 3 summarizes the status and total cost of the thermal treatment modifications at the
CECo fossil stations. By spring 1994, CECo will be using thermal treatment at six
stations; the thermal treatment system will be operational at two other stations by the end
of 1994. At the remaining two stations, CECo is presently monitoring for zebra mussel
infestation.

Commonwealth Edison Company has been proactive in responding to the zebra mussel
threat to their operating stations, Thermal treatment, using waste heat from the station, �!
is an efFective control method, �! is the least-cost control option, and �! has minimal
efFect on the environment. For Connnonwealth Edison, thermal treatment has proved to
be the most efFective means to control zebra mussels at their fossil stations.
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Table 1

Estimated Capital Costs
Zebra Mussel Treatment Options

Nets: COata baaed On proyroticna fram eabmate fnr State Line Steticn.

Table 2

Estimated Operating and Maintenance Costs
Zebra Mussel Control Options

Table 3

Capital Budget and Compktion Dater
Zebra Mussel Control Modifications

ffote 1: Budget based on prsiirninary design for each station,
Hate 2: Recrrculabon cspsbii'rNi was included in original desrgn of stebon.
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Figure 1 � State Line Station Circulating iFater Arrangement
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Figure 2 � Commomvecdtk Edison Service Territory and Fossil Station Locations
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Figure' 3 � fVaukegan Station~odifications to Circulating 8'ater System
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Figurc 4 � Joliet Station 29 � hfodifica6ons to Circulating /Fater System
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Figure S � Joliet Station modifications to Circulating Water System
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Figure 6 � fVill Coiinty Station Units 1 k 2�
Modifications to Circulating Water System
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Abstract

This summary will review and compare 1993 veliger density data with those that
were collected in 1991 and 1992. The objective of this analysis is to illustrate the vast
differences in veliger density trends between these years. Four locations along the upper
Niagara River were sampled weekly from June 1991 through December 1993.

Generally, veliger density fluctuated in magnitude and spawning duration
throughout the three year period. For this analysis, spawning season is defined to be
when veliger density exceeded 5,000/m3. Spawning season occurred early in 1991 and
was brief, starting in July and concluding in early September, The 1991 season was
characterized by relatively high densities occurring over a short period of time,

The spawning seasons in 1992 and 1993 were much longer than 1991. In 1992,
spawning was observed by mid-July and concluded in November. Two peaks of
20,000/m3 were observed, one in August, the other in September 1992. Between
December 1992 and March 1993, viable veligers were observed from the water column
where temperature was less than 0.5oC. The spawning season of 1993 did not occur until
September. The season was characterized by moderate to high densities with a single high
peak density of 57,000/m3. The 1993 spawning season was relatively late in the year
compared to the 1992 and 1991 seasons.

This paper will incorporate the three year data set and will summarize inter-
annual variations of veliger density in the upper Niagara River. Other environmental
parameters such as water temperature and storm events, were monitored and will be
included in the summary.
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Introduction

Zebra mussel populations have become established and are a permanent
component oF the ecology of the Great Lakes benthic community, Since 1991,
i~laXggb Environmc'otal, Inc. has been monitoring veliger density and documenting
seasonality of veligers in Lake Erie and Niagara River. These are minor goals of a greater
monitoring program that includes, but is not limited to, documentation of settling rate,
growth rate and assessment of treatment effectiveness. Changes in veliger density and
seasonality are basic to our understanding of zebra mussel s. Analyzing veliger density
and seasonality, both functions of adult mussel density, can supply insight into the
degree of zebra mussel infestation, This study is a compilation of data that summarizes
veliger seasonality, tracks variation and documents differences in veliger density trends
from 1991 to 1994. Information generated from this work may help researches
comprehend invasion processes in similar habitats,

Materials aad Methods

A total of eleven sites along the upper Niagara River were sampled weekly From
June 1991 to February 1994  Figure 1!. Sampling was interrupted during the winters of
1992 and 1993 due to ice cover limitations. Five sample locations were used to
summarize data for the purpose of this report. These locations allowed samples to be
drawn from the open water column, in contrast to taken From within an industrial Facility.

Zebra mussel veligers were collected by filtering 500-L of water through a 64-
pm mesh plankton net using a 0,5 hp centrifugal pump, Flow rate was calculated before
each collection by recording the length of time to 611 a 20-L bucket. It was possible to
determine the length of time to sample 500-L by extrapolation. Water temperatures were
recorded using a Digi-Sense thermocouple thermometer during the collection of water
samples. After filtration, samples were concentrated, placed in Nalgene jars and
transported to the laboratory for analysis, All samples were analyzed within an hour of
collection,

Water samples were analyzed to determine veliger densities. Veliger densities

were determined by counting the entire sample if densities were relatively low  <100/m !,
or by subsampling if densities were particularly high  >100/m3!. A plankton splitter was
used to subsarnple using standard zooplankton laboratory techniques. Samples were
analyzed using a Wild M5 stereoscope at 25X, 50X, and 100 X magnification, Crossed
polarization microscopy was used when appropriate to aid in the enumeration process.
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Results

Generally, veliger density fluctuated in magnitude and spawning duration
throughout the three year period  Figures 2 - 6!. For this analysis, spawning season is
defined as the dates when veliger density exceeded approximately 5,000/m . Spawning
season occurred early in 1991 and was brief. starting in late July and concluding in early
September. Veligers remained in low densities throughout october and were absent by
mid-October, 1991. The 1991 season was characterized by relatively high densities
occurring over a short period of time,

The spawning seasons in 1992 and 1993 were much longer than 1991  Figure 7
and Table 1!, In 1992, spawning was observed by mid-July and concluded in early
November. Veligers remained in densities of less than 3,000/m3 through December 1992.
Two peaks of 20,000/m3 were observed, one in August, the other in September 1992.
Between December 1992 and March 1993, viable veligers were observed in the water
column in extremely low densities. The lowest temperature that veligers were observed
was 0,5oc, occurring in March 1993. Initiation of the 1993 spawning season did not
occur until early September. The season was characterized by moderate to high densities
with a single high peak of 57,000/m3 on 10/7/93. The 1993 spawning season was
relatively late in the year compared to the 1992 and 1991 seasons. Densities decreased to
less than 5,000/m3 by late November, 1993 and continued to decline to densities of less
than 200/m3 by February 1994. Viable veligers, in extremely low densities, were
observed in January 1994 when water temperature was 0.2W.

1993 peak veliger density was higher than the 1992 peak density of 24,192/m3,
but less than the 185,000/m3 found in 1991. More veligers were present in the water
column during the 1993 and 1992 seasons because spawning occurred over a longer period
of time than in the 1991 season.

Discussion

Veligers first appeared at densities greater than 100/m3 by the end of June,
1993. The first influx of veligers occurred when Niagara River temperatures reached and

remained at approximately 19oC, This temperature was higher than previous years �6-
18 oc for 4 - 5 weeks in 1992 and 22 oc for several weeks in 1991!, indicating that more
than water temperature alone is responsible for triggering zebra mussel spawning, Other
studies  Walz 1978, Garton and Haag 1992! have found that additional factors are
necessary to initiate Dreissema spawning. Increased water temperature, phytoplankton
abundance, and water currents are important for dreissenid spawning to occur  Galpetina,

3S9



1978 and Sprung 1989!, Also, the presence of sperm from a few individuals encourages
synchronous mass spawning within local populations  Haag and Garton, 1992!. Niagara
River water temperatures were consistently lower in 1992 than in 1991 until early
September, From September on, water temperatures were almost identical to those
monitored in 1991 and 1993  Figure 8!. Veligers appeared in samples approxirnatety the
same in 1991 and 1992 �/9 - 7/16!, however, in 1992, initial densities were higher.

Veliger density tended to be higher at sample sites close to Lake Erie than at
sites further downstream in the Niagara River. This is probable due to the close
proximity to Lake Erie where the largest local mussel population exists.

Wind speed and direction were recorded on each sampling date during the 1992
season. Recent research has suggested that high winds and wave action may serve to
suspend veligers which were recently settled on the bottom. This phenomenon leads to
slightly higher veliger densities in the Niagara River following storm events. Data
collected during 1992 suggests a trend following periods of high winds. During these
periods, an increase in veliger density was occasionally observed, Other studies indicate
that some veligers remain alive in cold water and may become resuspended  Apstein 1896
- cited in Walz, 1978!. Veligers observed in January - March 1993, and January-
February 1994 were undoubtedly resuspended,

Table I. Relative chgerences regarding veliger spawning seasons
Ponr l99J to l993.
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Relative Abundance of Zebra Mussels  Oreissena
polymofpha! and Quagga Mussels  Oreissena

bugensis! in Eastern Lake Erie
by

David J. Adrian, Thomas A. Ferro, and Harold T.
Keppner

UUIXccll 2 " I. I
P. O. Box 402

Clarence, New York 14031
�16! 893-0917

The discovery of a second dreissenid in the Great Lakes has created a great deal of
interest in comparative research between the two species. Recent studies in the Great
Lakes suggest that the quagga mussel may become more abundant than the zebra mussel
in certain hah itats. This phenomenon appears to occur more frequently in deep water
locations,

A preliminary freld study was performed in the eastern basin of Lake Erie near
BufFalo, New York, on Seneca Shoals, to compare relative abundance of zebra and quagga
mussels, Seneca Shoals is a shallow reef site, approximately 5.5 meters deep,
characterized by rocky substrate. Collections were made using a benthic sled towed along
a transect. Mussels were differentiated and quantifred to determine the relative abundance
of the two dreissenids.

This study suggests that quagga mussels have become a prominent member of the
benthic community and, in fact, are more abundant than D, polymorpha. At one time this
shallow area was dominated by D. polymorpha, however, over the last several seasons
quagga rnussels have become more abundant. preliminary data suggest that 61% of the
dreissenid mussel population is composed of quagga mussels. The remaining 39'/o of the
dreissenid population is composed of zebra mussels. Complete summarization of the
study, including size frequency of the two dreissenids, will be reported,
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Introduction

The existence of a second species of Dreissemr in the Great Lakes has been
documented by a number researchers  Ludyanskiy 1993, May and Marsden 1992!. This
species, commonly referred to as the quagga mussel  Dreissena bugensis!, arrived in the
Great Lakes in 1989, approximately the same time as the zebra mussel  Dreissena
palymorpha!. The distribution of D. bugensis has differed significantly from D.
poIymorpha with respect to geography, water depth, and substrate composition  May
and Marsden 1992!.

Relative abundance of D. pojymorpha and D. bccgensr's has also been quite variable
 May and Marsden 1992!. In Lake Erie, the trend appears to point toward D. btrgensis
overtaking D. poIyeorpIra with respect to population density in certain habitats.
Evidence of D. bugerrsis representing 100 percent of the Dreisseaa population in water
depths of 
0m suggests a possible habitat preference which differs from that of D
polymorpha. To date there has been some question as to whether D. hrgensis would
overtake D. polymorpha in relative abundance. To address this issue, ~~11~
Environmental, Inc. collected and enumerated rnussels from a shallow reef  Seneca
Shoals! in the eastern basin Lake Erie,

Methods

To compare relative abundance of D. pozymorpha and D. bugensis, adult rnussels
were collected from a shallow reef  Seneca Shoals! located in the eastern basin of Lake
Erie near Buffalo, New York  Figure 1!. The reef is characterized by shale and pitted
limestone cobble substrate, It is bordered by a relatively steep drop-off on the east,
north, and south sides with a gradual dropmff to the west. Surrounding water depths
average 12m-13m where as the shallowest area is approximately 3 meters,

Collections were made on October 26, 1993 in 5.5 meters depth using a benthic
sled towed on an East-West transect. Mussels were then retrieved and preserved in 90'/o
ethanol. The samples were enumerated by species and subsamples were randomly
selected for size frequency distribution analysis. Each mussel was measured to the
nearest tenth of a miUimeter using calipers. A size distribution histogram was generated
using 5.0mm as the size class unit.

Results

The total number of mussel s collected on Seneca Shoals was 3,508. The relative
abundance of D. polymorpha was 1,360 and D. bugensis 2,148. Therefore, D.
polymorpha represented 39 percent of the population sampled while D. bugensis
represented 61 percent  Figure 2!. Mussels ranged in size from 2.5mm to 25.8mrn.
Dreissena bugensis were more abundant than Drerssena polymorpha in the small to
medium size classes  Figure 3!. Relative abundance was nearly equal in the larger size
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classes and variable in the very small size classes.

Discussion

The results of this preliminary study indicate that D, bugensis has become more
abundant than D polymorpha on this relatively shallow reef, Previous work revealed that
quagga mussels only represented fmm one to fifty percent of the mussels found in
shallow waters  <15m! in 1992. At that time, predominance of D. hegensis was observed
only at 20m or greater,

The predominance of Dreissena bugensis in the medium size classes indicates a
strong recruitment of new quagga mussels during the 1993 spawning season. This is in
contrast to the larger size classes where there was little difference in relative abundance
between the two species. Data from this study suggests a possible trend in the
population dynamics of the two Dreissenid species. It appears as though D. bugensr's
may begin to dominate more than just the deep waters of its range. At this time, it would
is not clear exactly how competition for available food resources and substrate will afFect
the relative abundance of either species. However, future collections and enumerations of
adult mussels should include relative abundance analyses of each species. Such efforts will
aid in the documentation of the population dynamics of both species.
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FigUre 1. Coliection site of zebra mussels used to determine
relative abundance.
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A. Introduction

During tbe months af July tbro+ Oaaber, f993, aa irrolxion of Zhaaeaa ygghtqgs
 hereafter referred to ~ as Qzglgs! oa~ ia tbe waters of Green Bay  Lake Mtdigan!,

as many as 400.000 musseis settling per spare meter  Hieb, pets. come.!. The co-asahcrs
ccxtducted a study of J}~aa sertlemera prxtems cat both antbropagenic and natural substr~ to
deonraiae which substances, if «ry, might, pechde settlemera, and the degree to which native
shallow-war communities were vulaenble to nisei invasitxr. A total of l7 materials, iadehng
lead, Teflcm, copper, canczese, glass, fiberglass, ABS plastic, tia, styrofoam, zinc, Parketcaat
2000, larex paira, httex paint with added cayenne pepper, and fcnx commercial capper- aadfcr
tinbased anti-biofouliag paints, were taxed fa Qz~ggg calonizaticm. Near-share shallows ia
natuml races were sampled to detente the currrsx status of rtrussel colcxtizrabsa oa bicxic and
abiotic subsaraes. The chance cfisasvety of a am@mt artifact in the early stages of cnlnnizanon
aUowed tbe applicrmcK of straist'Ical analysis to Qlgggga setthag bebavicg'.

B. Methodology

Severxeen emc sabaeces were selected and accluired fcx testing as suhstrates fcx
Qggissaaa settlemeaL aes wcse frasncaaed either dimity from the substances  e.g., T~
concrete, etc.! cx kcxn steel, orxo which the substances were coated  e.g., lead, copper, zirL,
paints, etc.!; each individual phtte was 0.9 q. dm. in size. Duplicrae racks apprtmmately two
meters ia height, one ccmta'.rting af 16, the other af l7, pbaes placed hcxizorrtaHy aa a vertical axis at
10 cm. irxervah, were ccmtstucted, aad installed in late July. The l7-plate rack was submerged at a
depth af ~xomnaely three-to4carr meters at a U.S. Coast Gurad hghtham facility in the maia
channel leads irao the peat nf Green Bay, and was recovered ia Jm Octcaser. The l~ rack
was instated at a depth of toto~ meters at tbe Wimmia Public Service Puoiam caal-6ted,
electricitygenerraing phtta adjaana to tbe mouth of the Fax River ia tbe city of Green Bay, and
removed ia mid~ er.

Natural shallow-water substrrxes were surveyed in mid-AugusL Lacustrine 5ggiggiI, 3$yha,
~r~gttt and @~pe were the etaesgerf, plarf generrt sampled. Minimum depth to mitial
calonizraion in bath sun and shade was measuaect Naturally-accreting dolornitic hme5cee
fcrrareons a Bay Shore Co. Park, Brown Co., WI, were likewise studied fa minimum depth to
iniial colmi2saicaL

Neerea-neighbcr analysis was applied to QZi~a colcmies aa a weabered fragment of atmxete
 a random artifact disccrvere3 in a meed habitra!. Distances between calomes and sobtary
individuals were mapped and recorded fm each face. All colonies were removed &an the surface'
each individual rmssel wea m~ to <he aeaest mtn. ro detersnine size cohcrts.

C Resrrlta

%served depths of initial colonizraion aa 3lgillgil began at 40 cm. below the surfrLe in 55 cnL
af wata  ia full sua!. ' ' from shaded emurcatmeter ia the cerxer of the plant ninnies
carhibited colcmization at >-27 cm. below the water's surface. These particulra specimens were less
populated by mussels than those in full san; however, colonization began at a lesser delxb.
Caloruzraion ca ~  in the shaded cerxer-bed ~! began at 24-25 cm. below tbe surface.
Spgg;lais' yicdded simdar resrdts to those of ~ Settlemea on gaglhgg leaf petioies began a
a ' y greraer depth tbaa that af ', ~ from 4i to 45 cm. below the water surface.

first occuareace of mussel emery cat nraxally~uring dolomitic limestone was
ceecrded at a depth af jess than asm mater. Saudi colcnies af Qgsssana were fanal 50 csn. beneath
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Lonnoihng DGCXCM COIomzatitat, ~b individual mussels
appee9 to be less sectseiy anchored than on other sohstances. None of the ather substances tested
proved effec&re in inhibitiug Dzgggga; however, aor study was incomplete due to mechanical
damage and abrreirst to a number of ots test plates, ptsticulady those czuaed with ftsar aunmercial
copper- and tin4ased eti+iofouliug yaiats. That part cf' otr research will be reheated in 1994, in
cmtuncticat with additional Geld cehm

E. Conclusion

Tbe co-autbcrs' imtial studies have led Lo a number cf suprising, to us, at least, discereries.
First, Qaiaas pal~gmxyha colonizes at much shallower depths than we bad eaved. Second,
Qljaamga does nta a@ear to be inhibited by ccmveraionai atci-biofouling sub~ Third-and
mtnt interesting, Qgntzznna appears, adnnttedly harn a very smail sample, to have trro types of
veUgers, free-settbag and canumwl ling. If this is ao~, why would XNigela hirve two
such dasses of vehgersP

Our hypathein a arrival stratagem fa the species. Tbe ctanamnal groupsngs are ccanpetitive
fa space and reststms, so what is the abrantage Lo grtarpirtg tightly> Our ~esis: pmtexion
from predeian. If communal grouping is eous in petectittg the indtvidual &em predaticat,
thea «hat is tbe advuraage in having ~erous> ebs: the species' mtnt rapid coicanzaitm of
available habit@ is mere important in ~l than any individual's vubtcnhility Lo ~twt  each
female lays gg. 40,000 eggs per Mason, m there ate enty of replacements fm losses to predtnion!.

If there is indeed a biachmtical fatzor involved in ' saehag bebavitr, its ideuti6catim
and syxthesis night be useful in localized mansgemerx of zebra jnumaels. Attraaiq[ vehges to a
lethal "trap" or atber ctmrral measee might reduce the need for chlomutticat in muniapal u industrial
piping Fgccsls. However, the  lmknown! pert~lge of ffee~ttllng lJellgefs from Qgggg++
spawnirtgs would still tteed corarni meastses, so Lbe biochemical appcech might very well be cf Iinle
poteraial in dealiag with this irruptive advennve species. Mtae basic rennnch on atzhrt~~enic
subnrates and natural cararols such as predaticat, cnml,etitimt, etc., is nsiuired bcftse we may begin
to understand and implement less expensive and mme ertvirtmuerttally-sound coatrtd spproscbes
than are currtuttly estata.
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The Rote of Zebra Mussets in Lake Ecosystems

A. Yu. Karatayev
Belorussian State University

Abstract

These investigations have been carried out at Lukomskoe Lake in the Republic
of Belarus. This lake has an area of 34.7 km', maximum depth - 11.5 m, volume-
243 million m'. Since 1969 this lake has served as a cooling water reservoir for the
Lukoml power station with a capacity of 2400 MW.

Zebra mussels first appeared in the reservoir in the late 1960s. By 1975 the
zebra mussel biomass had reached levels as great as 490 g/m' in terms of the total
area of the lake. After an initial outburst in density the quantity of zebra rnussels
declined, and in the last 15 years the population stabilized at a level of 150-180 g/nii.

According to data obtained froin laboratory experiments, the filtration rate of
zebra rnussels at a temperature of 20'C amounts to an average of 38 ml/hr for a I g
zebra mussel. Our estimates were identical with filtration estimates made by other
authors  Table 1!.

Taking an average of our filtration estimate and that of other authors  Table 1!
a zebra mussel with a mass of 1 g filters about 40 ml of water per hour at a
temperature of 20'C. This value could be used for balance calculations and for
determining the role of zebra mussels in the ecological system of a water reservoir.

The relationship between zebra mussel mass and filtration rate is described by
the following equation:

F =58.3 - W.

where F is the filtration rate  ml/h! and W is the inollusc mass  g!.
For analyzing changes in the trophic structure of zoobenthos a classification

has been used as developed by E. L Izvekova �975!. Prior to the appearance of
zebra mussels in Lukomskoe Lake, detritophages-collectors and phytodetritophages-
filterers dominated the zoobenthic community  Table 2!.

Following the massive infestation of the zebra mussel, the proportion of native
Kterers decreased eight-fold, while the role of detritophages-collectors has grown
considerably in importance This is due to the expansion of their food supply, which
is composed of organic matter accumulated on the bottom due to feeding activity by
zebra rnussels. The quantity of predators, omnivorous collectors and grabbers, has



also increased somewhat. Analysis of the zoobenthic community demonstrated that,
following the appearance of zebra mussels in the lake, the trophic structure of the
zoobenthic community has been characterized by an extremely high dominance of one
group, namely filterers  which are dominated by zebra mussels!. This group amounts
to 95% of the total biomass of benthic invertebrates.

Prior to the advent of zebra mussels at Lukomskoe Lake, benthic filterers
would have been capable of filtering the total lake volume over a period of 15 years,
and planktonic filterers would have filtered a volume of water equal to the cubic
capacity of the lake over a period of 5 days  Fig. 1!. Following the propagation of
zebra mussels in the lake, the quantity of planktonic invertebrates declined, and the
period required by the zooplankton to filter the total lake volume increased to 17
days. By 1975 the filtration capacity of the zoobenthos had increased 320-times, due
to the presence of zebra mussels. At that time bottom invertebrates were capable of
filtering the total volume of the lake in 17 days. At present, this period is equal to a
month and a half  due to a decline in zebra mussel abundance!.

Suspended material consumed by zebra mussels is now settling on the bottom.
This material is partially used as food by bottom organisms and is partially conserved
in mollusc shells, thus leaving the pelagic cycle. As a result, very serious changes
have been observed in Lukomskoe Lake since the vigorous development of zebra
mussels in it, and these changes have affected all links in the ecosystem  Fig. 2, 3!.
Water transparency in summer has increased two-fold, and the seston concentration
has decreased three-fold. The quantity of dissolved organic matter has also
decreased. The increased water clarity has resulted in an increased lake area covered
by macrophytes  from 6 to 30% of the total area! due to an increase in the depth at
which macrophytes can grow  from 2.5 to 5 m!, Subsequent to the development of
zebra mussels in the lake, the biomass of phytoplankton and zooplankton has declined
considerably, while the quantity of zoobenthic organisms has greatly increased. The
productivity of the fishery has doubled, and the catch composition is now
characterized by an increase in benthophagous fishes adapted to feeding on zebra
mussels.

Following the advent of zebra mussels to Lukomskoe Lake, macrophyte
production has increased by a factor of 3.3, while the primary production of
phytoplankton has been reduced more than four times  Table 3!.

Total primary production has decreased by a factor of 3,3 and the portion of
primary production produced by phytoplankton now amounts to 90%  prior to the
advent of zebra mussels it was 98%!. The total production of planktonic and benthic
nonpredatory animals has declined from 95 kcal/m to 44 kcal/rn, and the role of
bottom-dwelling invertebrates has increased from 3 to 77%. Production of
nonpredatory invertebrates constituted 5 5% of the primary production  prior to the
advent of zebra mussels it was 3.7%!. Fish catches have increased by a factor of' two
and amounted to 18% of the total production of herbivorous zooplankton and
zoobenthos {prior to the advent of zebra mussels it was 4%! or to 1% of the primary
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production. As a result of the changes in the Lukomskoe Lake ecosystem subsequent
to the advent of zebra mussels, the usage of the primary production by subsequent
trophic levels has been appreciably increased.
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Figure Captions

Fig. l. The dynamics of the filtration capacity of the benthos and planktonic
invertebrates in Lukomskoe Lake. Y axis: the period of time required for benthic  l!
or planktonic �! filterers to filter a volume of water equal to the cubic capacity of the
lake in summer.

Fig. 2. Long-term changes in water transparency, seston concentration and
phytoplankton biomass in Lukomskoe Lake.

Fig. 3. Long-term changes in macrophyte abundance  given in percentage of
the total lake area!, biomass of zooplankton and zoobenthos in Lukomskoe Lake.
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Table The filtration rate of Zebra Mussel  F!
in different water bodies
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Table 2

Trophic structure of zoobenthos of the Lukomskoe Lake
 biomass, 4 from total biomass!
 Karatayev, Burlakova, 1992!
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Table 3

The elements of bionthic balance of the Lukomskoe Lake
 biomass  B! and production  P! are given in kcal/m !

Prior to the
appearance of
Zebra Mussel

1978 y.
Trophic level P/BZ

B p

50. 0
1.25

50.9
40.9

2544.5

51. 1
12. 5 624. 5

132.8 166-0

T o t a l

Zooplankton filtrators
Czustacea
Rotatoria

14. 5
46. 0

6.37
0.03

92.4
1.4

T o t a 1 6.40 93.8

Zoobenthos nonpredatory
Zebra Mussel

3.8
0.6

0.38 3.22
27.80

12.2
16.7

Zooplankton + Zoobenthos
nonpredatory 6.78 95.2 31.82 43.7

Zooplankton predatory
Crustacea
Rotatoria

9.6 1.22 11.7
73.3 0.02 1.5

Total

Zoobenthos predatory

l. 24

0.02

13. 2

3.5 0.1

Zooplankton + Zoobenthos
predatory 1.26 13-3 0. 51 6.4

3.5
0.5

17. OG 6. 8

3. 00 1.2

0.4 8.75
0.4 1.25
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Primary production
Phytoplankton
Macrophytes

Fish nonpredators
predators

91.8 2595.6 145.3 790.5

0.70 10. 2
0.10 4.6

0.80 14.8

0. 18 1.7
0.05 3.7

0.23 5.4

G.28 1.G



An Approach to identify
Potential Zebra Mussel Colonization

in Large Water Bodies
Using Best Available Data and a
Geographic Information System

Allen H. Miller and Andres Ignacio
Sea Grant Institute and

Land Information arid Computer Graphics Facility
University of Nfisconsin-Madison

The introduction of non-native species to eastern North America is a continuing
concern to industries, coastal communities and state and federal resource managers.
One of the first questions asked was "What areas are likely to be impacted?"

Using southern Green Bay as a test site, the study: l! evaluated the usefulness of
existing broad-based geographic data to identifying areas in the Great Lakes likely to
be colonized by zebra rnussels; and 2! exainined the integration of large area data sets
from diverse sources.

An analytical model combining water temperature during the spawning season, water
depth and available substrate identifies areas of probable colonization. Relating
colonization probability with river and population data resulted in the identification
areas likely to be of concern. The result of this assessment is a first-order evaluation
of areas likely to be infested by zebra mussels. The integration of existing data in an
analytiral model suggests that assessments of this nature can be accomplished in a
timely manner, and that the course nature of the results will identify areas where
monitoring or more detailed investigation may be necessary.
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The introduction of non-native species to eastern North America is a continuing
concern to industries, coastal communities and state and federal resource managers.
Since the 1gOOs over 136 different species have been introduced into the Great Lakes
basin including 61 plants, 24 fish, 24 algae, 9 mollusks, and 7 oligochaets  MilIs et
al.!. None however, has received the notoriety of the now nationally infamous zebra
mussel  Dreissena ol rno ha . As the public gained knowledge of the devastating
impacts occurring at Detroit Edison and the Monroe Michigan water utility in the fall
of 1989, one of the first questions was "What areas are likely to be impacted?"

Research by Ramcharan, Padilla, and Dodson  Rarncharan!, and Neary and Leach
 Neary!, has developed models to estimate where zebra mussels are likely to occur in
inland water bodies. The question remains as to whether or not a reasonable prediction
can be quickly inade for large bodies of water, like the Great Lakes and associated
bays, or the upper reaches of the Chesapeake Bay, where detailed uniform data may
not be available, or where data locations may be widely scattered.

Zebra inussels are not liable to cover the entirety of large takes or bays, but are more
likety to be randomly spread based on suitable substrate and water temperatures,
depths and chemistry. Neither is all colonization likely to be troublesome. Areas
adjacent to urban water users are a concern because of possible disruption of services.
Areas in the vicinity of boat landings and rivers pose a threat of movement of zebra
mussels to inland waters.

Using southern Green Bay as a test site, the study had two objectives, the first focused
on the zebra mussel issue � to evaluate the usefulness of existing broad-based
geognqrhic data in identifying arear in the Great Lakes likely to be colonized by zebrrt
mussels. The second objective was focused on the broader more technical issue of the
ability to integmte large area data sets from diverse sources,

APPROACH: The logic behind the analytical model was to first evaluate physical
parameters, water temperature during the spawning season, water depth, and available
substrate to identify areas of probable colonization. The availability of calcium and
the pH level of the water, both factors that contribute to the suitability of sites for
colonization are adequate and relatively uniform in lower Green Bay where the model
was tested, 40 mg/I and 7.S respectively. Areas where colonization could be a
problem were evaluated as areas that could lead to inland transport, and areas of
possible disruption of urban services. Relating colonization probability with problem
areas resulted in the identification areas likely to be of concern. The result of this
assesstnent is a first-order evaluation of areas where monitoring or more detailed
investigation may be necessary.
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METHODOLOGY: Surface water rempenuure. Data collected since 1990 through the
University of Wisconsin Sea Grant's Zebra Mussel Watch, a harbor and water intake
monitoring program, indicated that juvenile mussels, called veligers, can be detected in
Lake Michigan when water temperatures surpass 10'C. Reasoning that the longer the
water exceeded 10'C, the higher the probability was for colonization. During the
warm summer of 1993, several hatches were suspected in southern Lake Michigan.
The water warmed early and stayed warm well into October and veligers were
detected into early November, indicating two or more hatches,

Secondly, satellite sensors can only
record what can be seen and due to cloud

cover images displaying the entire lower
Green Bay were few and far between.
While weekly measurements were
desired, it was necessary to settle for one
image a month, for the months of May
through September. The infrequent
usable images minimized the value of
relative temperature, By May 9 most of
the Bay was above the 10'C threshold
and by June 9 all of the water in the
lower Bay exceeded the threshold and
remained above through the September 8
image.

Bathymetry and Substrate Bathymetric
data was also obtained from the NOAA

Geophysical Data Center by purchasing a
tape containing the data. In addition to
information on water depths, this data
base contains other data typically found
on nautical charts. Of particular interest

Table 1. Relative Values - 8'at@I
TelttperurflP8
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Surface water temperature data was obtained electronically from AVES' images
through the National Oceanic and Atmospheric Agency's  NOAA! CoastWatch
program at the Great Lakes Environmental Research Laboratory  GLERL! in Ann
Arbor. Two problems arose in attempting to acquire the data. First of all, 1992
images were downloaded from the NOAA National Geophysical Data Center in
Boulder, through GLERL, to cotnputers at the Land Information and Computer
Graphics Facility at UW-Madison. Since the intent was to combine these data with
other formats, the images had to be processed to an ARC/INFO format. Learning how
to accomplish this transition proved to be a time consuming process  Ignacio!,



Analysis for Areas of Pmbablc Colonization The
analysis consists of assigning values to the data based
on professional judgetnent. This is the point of
interaction between the acquired data and decision
tnakers, In this study, judgeinents were made based on
four years experience with zebra rnussels in Wisconsin
and the Great Lakes, and many articles and books on
the subject. If the approach were used elsewhere, a
group of professionals could be brought in to provide
the judgements and values used in analyzing the data.

In this case, each factor, e,g. water temperature, depth
and substrate, was considered to be equally important
in zebra mussel colonization, therefore the range of
values used was constant, 5 = high probability and 0 =
low probability. Judgements could also rate one factor
more important than another and assign value ranges
accordingly, e.g. temperature 0 to 5, depth 0 to 10.Table l. Relative Values-

Water Depth

Values Data were assigned relative values based on
probability of inussel colonization. Surface water
temperature was assigned a yes/no value for
temperature, and a range of values for the duration
above 10 C  Table 1!.

Depth of water was assigned a range of values based on
probability of finding rnussels at a given depth  Table
2!. Substrate similarly were assigned a range of values
 Table 3!. Substrate data are point data and therefore
points were extrapolated to areas. The coarse nature of
the data and the general conclusion sought to make the
extrapolahon reasonable. Table 3. Relative Valaer-

Substrwle
Combining the valued data with the assigned weightings
resulted in a map of probability of zebra mussel
colonization.

428

in this application are data on reefs, bottom structures and sunken vessels, From this
data file, depth and substrate information was obtained. Additional substrate samples
were obtained from UW-Green Bay  Kraft! and added to the file,



The next question was to determine where
in lower Green Bay colonization would
likely to be a problem. For this study the Population Densities per s% lan
"probletn" was seen as; I! zebra mussels
adhering to water intake pipes and reducing
the flow through the pipes, 2! tnussels
adhering to other structures in the water,
like boats and docks, 3! dead, sharp-shelled
mussels littering the shoreline, and 4!
mussels being transported from the Bay to
inland rivers and lakes, All four concerns

are directly related to the density of the
shoreside population. Higher densities
means more shore users and boaters, and
more industry. The probability of Table S. Relative Viriges - Poprrlation
transportation of mussels inland increases in
rivers where anglers and boaters move from the infested Bay up the river to a launch
site, unknowingly carrying zebra rnussels on the boat, or in a live well or bait bucket
Data of the area population and the location of the major rivers were therefore
itnportant to the analysis. No attetnpt was made to model possible impact on the
natural environment, because the impact is poorly understood at this time.

Population Data on the area population was
obtained frotn 1990 TIGER Census files for

municipalities and townships. The population
densities were then projected over the water
surface to enable the analysis to combine
population with other information on the lower

Bay.

Rivers Proximity to major rivers was projected
from data obtained from digital line graphs, a
part of the TIGER files,

Table 4. Relative Values - Rivers
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Analysis of Areas Where Colonization May Be
a Prublem The analysis consist of identifying
areas that are near urban expanses and river
mouths as those most likely to have a problem
with zebra mussel colonization. The probability
diminishes with increasing distance away from

these features. In the case of river mouths a proximity program was run to establish
buffer zones of 5, 10, 15 and 20 kilometers,



Values The two factors, population and river proximity were weighted as described
above, in this case as the probability of the data describing a potential problem area if
tnussels were to colonize that area. Distance from a river is assigned a range of
values as shown in Table 4, and Table 5 displays the range of values assigned to
population density.

The result of this analysis is shown as areas where colonization may be a problem.

Analysis of Alas of Concern Continuing the logical progression, knowing the areas
likely to be colonized based on physical parameters, and areas likely to be a problem,
based on cultural factors, the final analysis sought to identify potential pmblem ararat
like1y ro be colonized, the combination of the two subsets.

CONCLUSIONS

The study set out to evaluate broad-based data sets for use in identifying areas likely
to be colonized by zebra mussels. Data on bathymetry, substrate, surface
temperatures, population, and natural and cultural features were used in the process.
The ability to use data from a variety of sources depended on the metadata provided.
The rnetadata file with NOAA's bathymetric data was particularly excellent.

The information obtained on surface temperature of the lower Bay was disappointing.
Longitudinal data over the entire spawning season, May to October, was desired to
make some judgement about multiple spawning in certain areas v. single spawning in
others. Due to cloud cover the information was just not available. The potential to
acquire data over broad areas via AVHRR is high, but current sensors are designed to
look at clouds for weather prediction. Viewing the earth's surface in the Great Lakes
region may need to wait for sensors that penetrate cloud cover. No attempt was made
in this study to explore other sensors or sources since the purpose was to evaluate
readily available data sources.

Applying the data to identify areas of concern in zebra inussel infestation was the
judgement of the authors, with the help of colleagues. More important than the values
applied is the process used to insert professional judgements. First of all, a judgement
was made on what factors determine the likelihood of zebra mussel colonization. The

physical parameters considered were: calcium, alkalinity, water temperature, depth, and
substrate. Calcium and alkalinity were found to be relatively uniform in the lower bay
and above threshold levels, Data were sought to define the other three factors.
Population and the presence of rivers were determined to be cultural factors that would
influence whether or not colonization would become a problem. Data were again
sought to describe these factors.



The second level of professional judgement is the assignment of relative values to the
data. How much more likely is zebra mussel colonization in eight feet of water v.
forty feet of water? In this case, the judgement was five times more likely, Similarly,
judgeinents were made that zebra mussel colonies near a river mouth were five times
more likely to be a problem than a colony situated twenty kilometers away.

A third level of judgement was the relative importance of the various factors. Is depth
a more important factor than water temperature? Or, are rivers more or less important
than urbanization? No judgement was made on relative importance in this study.
Doing so is possible if there is adequate knowledge on which to base the judgement.

The study demonstrates three points. One, geographic information systems can be
used to obtain a quick first order identification of areas where zebra mussels are likely
to colonize in large lakes or bays, The results can be applied to establish monitoring
locations or to decide which areas need further study. Such analyses are useful in
reducing initial costs and increasing effectiveness. Two, data sets covering large
geographies and from various sources can be successfully integrated if the data is
properly described m a inetadata file. Three, geographic information systems can
integrate professional judgement in the decision-making process by adding value
judgements to data, and the relative iinportance of the data to the decision being made,

Ignacio, J. A. F. 1992, Using Sea Surface Temperature  SST! Images as GIS Layers to Aid
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The Introduction and Spread of the Zebra Mussel
in North America

Charles R. O' Neill, Jr., New York Sea Grant
Alan Dextrase, Ontario Ministry of Natural Resource

Abstract

The zebra mussel, Dreissena polymorpha, is believed to have arrived in North
America as a freshwater ballast stowaway in commercial vessels from Europe sometime
around 1986, The mussel was first discovered in the Great Lakes in Lake St. Clair in
June 1988, As a result of natural and huinan-influenced dispersal vectors, the intervenin
years have witnessed the intra- and interbasin transport of the zebra mussel throughout
much of North America.

The mussel's first passage beyond the Great Lakes Basin was in 1991 when the
mussel crossed New York State through the Erie Canal and Mohawk River into the
Hudson River. By the end of 1993, zebra mussel-infested U.S. waters included: all of
the U,S. shores of Lakes St Clair, Erie, and Ontario; inost of the Lake Michigan and
Huron shores; Duluth-Superior Harbor in western Lake Superior; all or parts of the
Arkansas, Calumet, Chicago, Cumberland, Des Plaines, Detroit, Genesee, Hudson,
Illinois, Mississippi, Mohawk, Niagara, Ohio, Oswego, St Lawrence, Susquehanna, and
Tennessee Rivers; the Erie Canal; the St. Lawrence Seaway; three of the Finger Lakes,
Saginaw Bay; and, Lake Champlain.

The expansion of the range of the zebra mussel in Canada, although initially rapid,
has not been as dramatic as that in the United States. Since being discovered in Lake St.
Clair in 1988, the mussels have spread throughout Lakes St. Clair, Erie, and Ontario;
eastern Lake Huron, the St. Lawrence River; the Welland Canal; Georgian Bay; the
Kawartha Lakes  interconnected to the Great Lakes!; the Muskoka Lakes  overland
transport!; the Rideau Canal system; and, portions of the Ottawa River. To date, all of
the Canadian zebra mussel sightings have been within the Great Lakes-St. Lawrence
drainage basin.

Based upon atmospheric and surface water temperature data, it has been suggested
that the mussels may ultimately infest most environmentally hospitable fresh surface
waters of North America, south of central Canada, north of the Florida Panhandle, and
from the Atlantic to the Pacific,
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The Ballast Water Stowaway
The zebra mussel, Dreissena polymorpha, is native to the drainage basins of the

Black, Caspian and Aral Seas in Eastern Europe and Western Asia. As commerce
increased between Eastern, Central, and Western Europe, the mussel moved west,
resulting in it's introduction into several Central and Western European freshwater
systems during the late 1700s  l 790- River Danube, Hungary;  8Z4- London,
England; l826 � Rotterdam, The Netherlands; l830 � Hamburg, Germany; l840-
Copenhagen, Denmark; l835 - River Rhine, Germany; l844-l867 - various river
sysrems, France!. By the late-1800s, the zebra mussel was found throughout Central and
Western European inland waterways. By the 1940s, the mussel made its way into water
of Scandinavia, and is currently undergoing a rapid range expansion throughout the
waters of the former Soviet Union.

The actual pathway of the mussel's introduction into North America is unknown, but
experts believe that it arrived here as a stowaway in cargo vessels originating from Euro-
pean freshwater ports. Although zebra mussels are capable of attaching to ships' hulls,
their transoceanic transport in this manner is unlikely since the mussels cannot survive
the salinity of open ocean saltwater for the time required for such a crossing, More like-
ly, the mussels arrived in North America as an internal stowaway. Cargo ships carry sig-
nificant amounts of ballast water to stabilize the vessels during transoceanic crossings;
the less cargo on board, the more ballast water is carried in ballast tanks, When ballast
tanks are filled, many forms of aquatic life in the source water are drawn into the tanks
 one study found some 240 different plant and animal life forms which may be carried in
ballast water tanks!. Once in ballast tanks, these organisms can be transported to other
areas and subsequently be discharged into the waters of foreign ports. If the receiving
waters are of the appropriate type  salt for saltwater ballast, fresh for freshwater ballast!
and quality, there is a possibility that some of the ballast "exotics" may survive and
establish new, breeding populations. This is believed to have been how the zebra mussel
reached North America, It is also believed that more than 30 other exotic aquatic organ-
isms, such as the ruffe and the spiny water flea, likely were introduced into the Great
Lakes via ballast water duinping, as well. The problem is not liinited to the Great Lakes,
however, but is of great concern worldwide in both fresh- and saltwater ports.

Why, if the zebra mussel was in Europe for hundreds of years, did it take so long to
reach North America? While this is the first time that the mussel is known to have colon-

ized North American waters, it is possible that small populations may have been dropped
off in the past, but in numbers too sinall to become established as breeding colonies, or
in areas where they could not survive changing environmental factors. Serendipity may
have brought a number of factors together, resulting in the current situation. Although
zebra mussels have been distributed throughout most of Eastern, Central and Western
Europe for hundreds of years, populations were substantially reduced due to the pollution
of European waterways as a result of the industrial revolution and runoff from World
War 1. Post-World War II efforts to clean up those waters inadvertently resulted in a



reemergence of the zebra mussel ia the years after the rnid-1950s.
On the receiving end of the equation, prior to the 1900s, most shipping to North

America carried solid ballast  instead of water! which is less likely to be a major vector
of aquatic organisms, There was also less shipping than today. Although water had be-
come the predoininant ballast material by the early-1900s, transoceanic crossings still
took two or more weeks, during which time ballast water could become a very inhospit-
able place for aquatic organisins to live, reducing the possibility of live aquatic organ-
isms being discharged into North American waters. With the advent of new, faster ships
after World War II, more exotics could conceivably survive the crossing.

Following North America's own industrial revolution, the quality of many of our
waters was degraded to the extent that survival of new aquatic organisms became ques-
tionable in many harbors. These waters have been substantially cleaned up since the mid-
60s, making them a much more viable habitat for aew aquatic introductions.

Three pieces of the puzzle were now ia place, cleaner Europeaa waters to provide
ballast water immigrants, faster ships carrying freshwater ballast to serve as the trans-
mittal vectors, and cleaner North American waters to receive the immigrants, The final
piece of the puzzle was supplied by the coinpletion of the St. Lawrence Seaway in the
late-1950s, which provided the pathway for European-origin vessels  possibly carrying a
number of exotics! to enter the Great Lakes. It is also possible that the increase in East-
ern European shipping during the Soviet grain sales years of the late-70s aad early-80s
may have contributed to the number of gallons of European freshwater being purged
from ballast tanks iato the Great Lakes as those vessels took on cargo.

Mechanisms of Zebra Mussel Dispersal in North American Waters
Natural dispersal mechanisms for zebra mussels include swunmiag  during the first

weeks of its life, a zebra mussel veliger is an actively swimming organism!, water
currents  both flowing streams and rivers and wind-driven waves!, and attachment to
other orgaaisms  such as crayfish!. Also suspected as a potential vector, but never
quantified, is the attachment of mussels to feathers, feet, and legs of waterfowl and
shorebirds, as well as transport on the fur of aquatic mammals.

Biologists believe, however, that interbasin transport of the zebra mussel throughout
North America from infested waters of the Great Lakes and contiguous river systems
into uninfested inland fresh surface waters will be very strongly enhanced by human ia-
fluenced dispersal vectors. It is believed that the mussels will ultimately infest most sus-
ceptible  environmentally hospitable! waters of North America south of central Canada
and north of the Florida Panhandle, and from Maine west to the California coast, a pre-
diction which seems to be borne out by the rapidity with which the mussel has moved
from the Great Lakes into inland river systems such as the Illinois, Susquehanna, Missis-
sippi, Ohio, Tennessee, Arkansas, Ohio, and Hudson Rivers,

Major human-influenced dispersal vectors are interlake and interbasin transport of
veligers in ship and barge ballast  the presence of zebra mussels in Duluth-Superior



Harbor in western Lake Superior is believed to be evidence of such commercial shipping
transport! and juvenile and adult inussel attachment to ship, barge and recreational boat
hulls. Other human influenced dispersal vectors include transport of juveniles and adults
on or in recreational boats sailed or trailered from infested to uninfested waterbodies
 zebra mussels can withstand desiccation for several days, depending upon relative
humidity and temperature, thus allowing some transport while out of the water; mussels
have been found on aquatic vegetation snagged on the props and trailers of boats being
moved over land between water bodies!; transport of veligers by commercial bait trans-
port and fish stocking operations; in anglers' bait bucket water, and in recreational boat
engine cooling water; in water flowing through navigation and irrigation canals  the Erie
Canal provided an expressway across New York State from Lake Erie to the Hudson
River!; on or in equipment such as work barges, dredges, etc.; and by aquaria releases
 this has been confirmed at a reservoir in the Province of Ontario!.

The Zebra Mussel's Range Expansion iri North America
The zebra inussel was first discovered in the Great Lakes Basin in routine samples

taken from the bottom of Lake St. Clair in June 1988  no one at that time was looking
specifically for zebra mussels!. Judging from the shell size of those mussels, it was
theorized that the mussels had been introduced into the lake sometime in 1986. The first
confirmed sighting in the western basin of Lake Erie was at South Bass Island  Put-in-
Bay, OH! in October 1988,

1989

By early-summer 1989, extensive colonies of 30,000 to 40,000 individuals per
square meter were reported on shoals in the shallow, nutrient rich, western basin of Lake
Erie by the Ontario Ministry of Natural Resources. By the end of 1989, specimens were
found in electric generating, public water treatment and industrial facility water systems
in the Detroit River below Lake St. Clair, and on beaches and in power, water treatment
and industrial facilities along most of the north and south shores of Lake Erie By the eiid
of that year, zebra rnussels could be found throughout the entire Lake Erie shoreline
 Monroe, MT; Ashtabula, Cleveland, Sandusky, and Toledo, OH; Pon Stanley and
Nanticoke, ONT; Erie, PA; Dunkirk and Buffalo, M'!.

Adult mussels were first reported in Lake Ontario in Port Weller, ONT, at the mouth
of the Welland Canal in November 1989 and on a navigation buoy approximately four
miles off the Niagara Bar in December 1989, Adult mussels were also found attached to
a barge and an icebreaker at a shipyard in Sturgeon Bay, Wl. No mussels were found
anywhere else in the vicinity; those found on the vessels were believed to have been
transported there by the vessels  both had spent time in Lake Erie!,

1990

1990 witnessed the mussel's rapid range expansion throughout the entire Great



Lakes basin, the Niagara River and the Welland Shipping Canal; the western and south-
ern shores of Lake Ontario  Rochester and Oswego, NY; St. Catherines, Hamilton and
Toronto, ONT!; the Erie Canal from Buffalo, NY, on Lake Erie east to a point about one
third of the way across the state; the northeastern end of Lake Ontario, the upper St.
Lawrence River, portions of the St. Lawrence Seaway  Picton, Kingston, and Cornwall,
ONT; Snell and Eisenhower Locks!, the lower St, Lawrence River  Ile D'Orleans, QUE!;
virtually all of Lake St. Clair; southern and eastern Lake Huron  Port Huron, MI;
Goderich and Port Elgin, ONT!; Saginaw Bay and Thunder Bay  Alpena, MI! on western
Lake Huron; the southeastern and southern shores of Lake Michigan  Grand Haven,
Holland, and Muskegon, MI; East Chicago and Gary, IN!; western Lake Michigan
 Kenosha and Sheboygan, WI!, and the western end of Lake Superior in Duluth-Superior
Harbor  Duluth, MV; Superior, WI!.

l99l

By February 1992, the zebra mussel had followed the Erie Canal to its confluence
with the Mohawk River and all of the Mohawk River east to its confiuence with the
Hudson River  Herkimer, Amsterdam, and Albany, M!, marking the mussel's fvst pass-
age beyond the Great Lakes Basin. The mussel then followed the Hudson River south
 Catskill, NY!, to the lower reaches of the estuary into waters at the fringe of the salt
wedge  Poughkeepsie, Newburgh, NY!,

During this same time span, the mussel had expanded its Great Lakes range to in-
clude most of the St, Lawrence River  Cape Vincent and Alexandria Bay, NY!; all of the
western, southern and eastern shores of Lake Ontario and sotne locations on that lake's
northern shore; most of Saginaw Bay  Bay City, MI!; isolated locations on Lake Huron's
eastern shore  Georgian Bay and the North Channel!; all of the southern half of Lake
Michigan  Manistee, Grand Haven and South Haven, MI; Chicago, IL; Racine, Man-
itowoc, Gree~ Bay, Milwaukee, O'I!; and the northeastern shore of Lake Michigan
 Charlevoir, M?!, Multiple sightings were reported on the Chicago, Des Plaines, and
Calumet Rivers and the Chicago Sanitary and Shipping Canal, all in Illinois

The first sightings in Canadian inland waters were in Balsam, Big Bald, and Rice
Lakes, in the Kawartha Lakes chain, and in Lake Sitncoe, which are connected to the
Great Lakes via the Trent-Severn canal system.

Sightings were confirmed in three of New York's Finger Lakes,  Seneca and
Cayuga, most likely due to canal connections to Lake Ontario or by overland transport
by trailered boats, and Conesus, most likely by trailered boats!

An additional non-Great Lakes Basin was in the headwaters of the Susquehanna
River near Johnson City, NY, opening a route for the mussels to travel into Pennsylvania
and the Chesapeake basin  but no sightings emerged from the lower reaches of the river!.

I 99Z

By July 1992, the mussel had slipped the confines of the Great Lakes Basin, this



time in Illinois, traveling from the Chicago Sanitary and Shipping Canal into the Illinois
River, and had reached that river's confluence with the Mississippi River at Alton, IL.
The mussel then proceeded upstream in the Mississippi  most likely by means of com-
mercial barge traffic! into southern Minnesota and downstream to the confluence of the
Mississippi and the Ohio River. From there, the rnussels were transported up the Ohio to
the area of the Indiana, Ohio, Kentucky junction The mussel entered the Tennessee
River via the Ohio and moved rapidly across the western tip of Kentucky, into and across
western Tennessee, across the northern most reaches of Alabama, and back into Tennes-
see. Sightings were also being reported in the Cumberland River froin the Tennessee
River to Nashville,

By the end of 1992, the mussel's range had expanded up the Mississippi to St. Paul,
MN, and downstream to Vicksburg, MS. Sightings were confirmed upstream in the Ohio
River to a point near Hannibal, OH, and the mussel had added two more rivers to its
range, Kanawha River, near Winfield, WV, aad the Arkansas, with sightings ia Little
Rock, AR, and western Arkansas,

The mussel continued its spread arouad the Great Lakes, as well, turning up along
more of the northwestern shore of Lake Ontario, the east and west central shores of Lake
Michigan, Sault Ste. Marie, and eastern Lake Superior  Gargantua, OBIT!.

1993

By September 1993, a sightiag of mussels in White Star Park Quarry  Gibsonburg,
OH! appeared to be strong evidence of transinittal by recreational boats or anglers, since
the quarry lake has no direct water connections to aay infested waters.

The mussel had also shown up in the Vermont waters of southeastern Lake Cham-
plain. A direct canal connection to the Hudson River is the suspected transmittal vector
in this case.

The tnussel continued its Great Lakes Basin range expansion along the north shore
of Lake Ontario, the eastern shore of Lake Huron, and Georgian Bay. It also colonized
the Rideau Canal system which joins the Ottawa River with the eastern end of Lake
Ontario. To date, all Canadian sightings of the mussel have been within the Great Lakes-
St. Lawrence Drainage Basin.

The mussel had filled ia much of its range throughout the entire length of the Illin-
ois River, in the Upper Mississippi from Dubuque to St. Paul; the Lower Mississippi in a
number of discrete locations as far downstream as Lettswortb. Baton Rouge, and New
Orleans; the Atchafalaya River near New Orleans  Berwick Bayou, LA!; the Tennessee
River upstream past Chattanooga to Lenoir City; and the Arkansas River as fax upstream
 west! as Cowlington and Gore, OK.



Case Study: The Saga of Barge EAT-211B'
A look at a real-life example of human-influenced dispersal can help to shed light

on why the zebra mussel has spread so dramatically in North America. In April 1992,
barge EMT-211B was dry-docked in Hartford, Illinois. More than 1,000 live zebra
mussels were found on the barge's hull. Randomly distributed clumps of mussels were
attached to weld seams on the sides and bottom of the hull, Clump sizes along the side
bumper plate ranged from 8 to 34 individuals; clumps from the underside of the hull
contained 66 to 96 individual mussels.

The mean shell length of 100 randomly chosen zebra mussels from several clumps
on the hull was measured to the nearest 0. 1 mm with a dial caliper. The mean shell
length was 17.3 mm  standard deviation - 1.6!; tninimum and maximum lengths were
11.6 and 21.1 mm, respectively. McMahon reported zebra mussel growth rates of 1.0 to
1.6 cm/year in slow and fast growing populations, respectively. Based on such growth
rates, it was estimated that the mussels on the barge were approximately one year old.
Working on the assumption of mussel age, and using information provided by the barge's
owner, on the barge's movement, it was found that the barge was in the Illinois River be-
tween February and May of 1991. It is likely that mussel attachment took place in that
river during the early spring or summer of 1991.

If we assume that the mussels attached to the barge hull in or around Spring Valley,
IL, in May 1991, the rnussels could have been transported an approximate total distance
of 15,884 km before the barge was dry-docked. Areas transmitted by the barge during
that time period included sections of the upper Mississippi River  as far north as Winona,
MN!, the lower Mississippi  to Louisiana and Mississippi!, and throughout the Illinois
River. As there was a potential for mussels to be dislodged from the hull during barge
transit, locking and fleeting, and since mussels on the hull could potentially been spawn-
ing during the latter part of their journey, the potential for long-distance transport and
dispersal of zebra mussels by conunercial barge traffic can be seen to be considerable.

Source: Keeviu, T., R, Yarbrough, aud A. Miller. 1990. U.S. Anny Corps of Eagineers, St. Louis
District aud Waterways Experiment Station.
McMahou, R.F, 1990. The Zebra Mussel: US. U i iiry Implications. EPRI GS-6995, Electric Power
Research tastitute, Palo Alto, CA, pp. 1-70.
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ABSTRACT

Zebra mussels were found in the lower Ohio and Tennessee Rivers for the first
time in the fall of 1991. By October 1993 only a few additional individuals had been
found in the Tennessee River other than inside locks where we assumed that the
mussels had washed from barges or other vessels and attached to the lock structure.
No veligers have been found in the plankton of the Tennessee River nor have small
juveniles been found on submerged structures. This suggests to us that reproduction is
not occurring in the Tennessee River. However, high densities of veligers, juveniles
and adults have been observed in the Ohio River at numerous sites including locations
near the confluence of the Tennessee River. Several populations of zebra mussels in
the Ohio River were sampled, and densities, time of settling of juveniles, and growth
rates were estimated, Even though veligers were present in the plankton as early as
March in the Ohio River, it- appears that few if any successfully settled before July,
and the majority settled after July. Size distribution in the populations suggests that
zebra mussels reach an average of 20 mm �6-24 mm! during their first full year of
growth in the Ohio River. We suspect that the failure of zebra mussels to successfully
establish populations in the Tennessee River is related to differences in water quality,
perhaps dissolved calcium concentration which averages 16-20 mg/1 in the Tennessee
River and about 40 mg/1 in the lower Ohio River.



INTRODUCTION

Since the invasion of the zebra mussel, Dreissena polymorpha, into the Great
Lakes in the rnid 1980's  Herbert, et al., 1989!, millions of dollars have been spent on
research directed at understanding the biology of the mussel and on controlling zebra
mussels in water systems. The zebra mussel is rapidly becoming one of the best
known of all the rnollusks, yet there are many unanswered questions regarding its
ability to colonize the inland rivers of the middle and southern United States. Studies
have begun to document the effects of zebra rnussels on native unionid clams  Haag,
et al., 1991, 1993; Hebert et al., 1991; Hunter and Bailey, 1992; Mackie, 1991! and
water quality  Reeders and bij de Vaate, 1990!. Much of the research activity has
been focused in the Great Lakes area. However, now that zebra mussels have invaded
the Tennessee and Ohio Rivers within the past two years, studies have begun to
evaluate their success and impact on these rivers. The impact of exotic species is
often dramatic and usually unpredictable  Vermeij, 1991!.

The environments of the lower Tennessee and Ohio Rivers differ considerably,
although each has an extensive native unionid clam fauna. The lower Tennessee River
consists of a series of large reservoirs formed by moderately high dams and which
flood extensive areas of the lower flood plain. The Ohio River is regulated by
relatively low dams which maintain the river within its original banks. Sediment
consisting of fine silt has accumulated in the downstream reaches of the Tennessee
River reservoirs while much of the Ohio River bottom sall consists of sand and gravel.
The water quality differs considerably. The Tennessee River is relatively soft with a
dissolved calcium concentration between 16-20 mg/I while the Ohio River is
moderately hard with a calcium concentration of around 40 rng/l. These differences
provide a unique opportunity to examine factors that contribute to the success of the
zebra mussel in riverine systems and its impact on native unionid clams.

The first zebra mussel found in Kentucky Lake was found attached to a native
threeridge mussel  Amblema plicara! by a commercial musseler on September 10,
1991, about 8 miles upstream from Kentucky Darn  TVA, 1991!, Since that time a
few more have been found on native mussels in the Camden, Tennessee, area, and in
July 1992 a commercial musseler pulled up a cluster of 7 adult zebra mussels which
had been attached to a submerged stump near the west shore of Kentucky Lake at mile
point 1,0 of the secondary channel  Tennessee River mile 23.8!. The first zebra
mussels found in the lower Ohio River were found by TVA divers during a unionid
mussel study conducted October 1-3, 1991, at about mile 964.5, downstream from
Dam 53  personal communication; Barry Payne, Waterways Experiment Station!. In
the fall of 1992, the locks at Kentucky Dam on the Tennessee River and Cheatham
Dam on the Cumberland River were dewatered for maintenance. Many attached zebra
mussels were found in both locks  information from Cheatham Lock from Richard
Tippit, Nashville District Corps of Engineers!. These probably came from barges and
other vessels traveling from areas where zebra mussels are successfully reproducing.



Zebra rnussels are being found regularly by commercial musselers in the Ohio River
and in Barkley Lake and the lower Cumberland River downstream from Barkley Dam,
but only a few have been found downstream from Kentucky Dam in the lower
Tennessee River.

In an ongoing project at Murray State University, zebra rnussels have been held
in aquaria with Tennessee River water with a dissolved calcium concentration of
between 16-20 rng/1 and fed a diet of dried Chlorella and low-fat rabbit food.
Although mortality was less than 1%, growth was less than 1 mm in 8 months  Leek
and Sickel, 1994!. Under similar conditions other investigators have been able to
achieve growth of 1 - 2 mm/month  Nichols, 1993!. However, the water used by other
investigators had calciutn concentrations much higher than that of the water from the
Tennessee River. Nichols �993! used water with 125 mg/1 calcium, and Sprung
�987! used reconstituted river water with a calcium concentration of 58 mg/l. Sprung
�987! reported reduced survival of developing zebra mussel larvae in water with less
than 40 mg/1 calcium. Ramcharan et al. �992! examined data from 278 European
lakes and found that zebra mussels were absent from lakes with calcium less than 28.3
mg/1 and pH below 7.3, These observations led us to suspect that the water quality of
the Tennessee River is not conducive for zebra tnussel reproduction and development.
However, there has not been sufficient research on zebra mussels in the Tennessee
River to draw any definitive conclusions about growth and reproduction. The present
paper reports on our observations of zebra mussel colonization in the lower Ohio and
Tennessee Rivers.

METHODS

In conjunctio~ with a number of surveys of native unionid clams being
conducted for industries on the Ohio and Tennessee Rivers, it has been possible to
observe the colonization of zebra mussels in these rivers, Figure 1 shows a map of
the lower Ohio, Tennessee and Cumberland Rivers with various locations at which
surveys were conducted or where other investigators have reported finding zebra
mussels. In each case of our study, sampling was accomplished by divers collecting
unionid clams either along transects consisting of anchored lines or within in' quadrats
placed along transect lines. Shells of unionid clains and rocks were examined for the
presence of attached zebra mussels which, if found, were removed and measured. A
stereo microscope was used to look for the presence of recently settled juveniles or
post-veligers. To check for veligers in the plankton, samples were collected with a
0,63 lim mesh plankton net. No attetnpt was made to quantify densities of zebra
mussel s.

We attempted to sample the same populations in the Ohio River at intervals so
that growth could be more accurately estimated, However, barge activity on one
occasion and high water on another prevented sampling the same locations. All zebra
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mussels collected from each site were measured for shell length to the nearest 0.1 mm.
Histograms of shell length at 1 mm intervals were plotted and used to estimate growth
and time of settling of juveniles or post-veligers.

RESULTS AND DISCUSSION

One site in the lower Tennessee River downstream from Kentucky Dam was
surveyed between river miles 17,4 and 17.7 from November 21 to December 6, 1993.
Kentucky Dam is located at Tennessee River mile 22,4. In that survey, an area of
approximately 1560 m was searched and 2733 unionid clams representing 22 species
were examined. Two of the unionid clams had 1 zebra mussel each attached to their
shells. Earlier in the summer, from June 5-15, TVA biologists transplanted unionid
clams from an area of 512 m located just downstream from Kentucky Dam. At that
site they found 2 zebra mussels attached to rocks  personal communication: John
Jenkinson, Tennessee Valley Authority!. This area of the river encounters heavy barge
traffic, and these zebra mussels may have fallen from barges as they apparently have
within the lock at Kentucky Dam. Only a few additional occurrences of zebra mussels
attached to unionid clams in the Tennessee River have been reported by commercial
musselers and mussel buyers. These people see large numbers of native unionid clams
and would know if zebra rnussels were increasing in the Tennessee River. All
indications suggest that they are not increasing at this time.

Table 1 presents the locations and dates of unionid clam surveys in the lower
Ohio River that are included in Fig. 1. The survey conducted on August 1, 1991 at
Metropolis revealed no zebra mussels in an area of 925 m' in which 41 unionid clams
were found. On June 6, 1992 another survey nearby at Paducah again revealed no
zebra mussels. In the survey at Ledbetter on Septetnber IS-19, 1992, 410 individuals
in IS species of unionid clams were examined, and 2 zebra rnussels were found.
1993, 5 surveys were conducted in the lower Ohio River, and zebra mussels were
abundant both on native unionid clams and on rocks At Ohio River mile 785.0,
downstreatn from the confluence of the Green River, 945 unionid clams in 20 species
were found, but only IS zebra mussels were collected on August 17-19, 1993. These
were not measured and are not included in Fig. 2. One other survey conducted in
1993 �6/26-27/93! that is not included in Table I or Fig. 1 was located at Ohio River
mile 690,8 upstream from Derby, Indiana. In that survey, two 720 m transects
extending from the Kentucky to the Indiana shore were searched. The river bottom
consisted mostly of sand and silty-sand with only sparse patches of gravel. A small
bed of unionid clams was found near the Kentucky shore. No zebra rnussels were
found. It is assumed that the lack of stable substrate across most of the width of the
river prevented the establishment of both unionid clam populations and zebra mussels.
However, another possibility is that this area of the river has not been invaded by
zebra tnussels as of that date.
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Table 1. Location of sample sites in the lower Ohio River and total area surveyed
from which unionid clams were collected during initial zebra mussel colonization.

r h Rfrn P int
Metropolis, Illinois
Paducah, Kentucky
Ledbetter, Kentucky
Empire Dock, Illinois shore
Downstream from Empire Dock
Green River confluence

Rockport, Indiana
Golconda, Illinois

925 m

488 m'
1200 m'

230 m

n/d

575 m

50 m'

n/d

09/01/91

06/24/92
09/18-19/92

02/14/93

07/30/93

08/17-19/93

10/23/93

02/19/94

942.6

935.3

929,9

896.0

896,7

785.0

746.0

902.1
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The other 4 sites indicated in Table 1, Empire Dock, downstreain from Empire
Dock, Rockport, and Golconda, each had high densities of zebra mussels attached to
native unionid clains, snails, and rocks and larger gravel. Fig. 2 presents the
frequency distribution histograms of shell length for the 4 sites. The sample froin
Empire dock collected 2/14/93 shows mostly young zebra mussels with an apparent
bimodal distribution with mean lengths around 7 and 12 inm. We assume that this
group of mussels ranging in length from 4 to 14 mm represents the recruitment from
the previous summer of 1992. The lack of many large individuals indicates either that
this is a recent population or that individuals don't live much beyond a year and a half,
The wide range of sizes suggests an extended spawning period. The bimodal
distribution suggests the occurrence of 2 peaks in gamete release during the spawning
period. Plankton samples collected in March, June, July and October revealed large
numbers of veligers indicating that some spawning is occurring throughout much of
the year. No attempt was made to quantify the density of veligers in the plankton

Comparing the 2/14/93 and 2/19/94 samples, we see that the 1992 cohort that
measured 4-14 mm in length on 2/14/93 has increased in size to 20-29 mm in one
year, The young-of-the-year recruits for 1993 appear as the group in the size range of
2-11 inm on 2/19/94. The larger size class, 20-29 mm, on 2/19/94 shows that zebra
mussels do live beyond a year and. a half, and suggests that the population was first
established during the summer of 1992. The length range of 4-14 mm with bimodal
peaks at 7 and 13 mm in February 1993 for the 1992 recruits compared to a range of
2-11 inin with peaks at 6 and 10 min for the 1993 recruits indicate a slower growth
rate for the younger mussels in 1993-94 than in 1992-93. One reason for this could be
the presence of a high density of large rnussels in 1993 that was absent in 1992. Also,
the presence of fewer young mussels compared to the older mussels may suggest that
the population could reach its maxiinum density in only a few years as older
individuals inhibit settlement and growth of the young.

The July 1993 sample taken downstream from Empire Dock shows mean lengths
around 19 and 23 mrn, assuming a bimodal distribution. Of major interest is the lack



Fig. 2, Length freguencv distribution of zebra musse ls collected Porn the lower Ohio River.
Co lectton date and number of individuals are indi catedin legends.
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of recently settled juveniles in July. Zebra mussel veligers had been abundant in the
plankton since March, but few successfully settled before the end of July. The
October sample from Rockport, Indiana, shows a large number of recently settled
juveniles ranging from 1 - 9 mm in length. Rockport is 150 river miles upstream from
Empire Dock, and based on the absence of a second year cohort it appears that the
population has just been established. Based on the July sample, we estimate that zebra
mussels grow to a length of 16 to 24 mm in the first full year of growth.

Clearly, more quantitative samples need to be collected from established
populations in the Ohio River and at more frequent intervals before definitive
statements about growth rates and densities can be made. Also, inore sites in the
Tennessee River need to be examined along with studies on the effects of water
quality on zebra mussel reproduction and development before the success or failure of
zebra mussel colonization in the Tennessee can be determined.

CGNCLUSIGNS

Zebra inussels have been introduced into both the Tennessee and Ohio Rivers,
probably in 1990 or 1991. Dense, reproducing populations have developed in the
lower Ohio River. Veligers occur in the plankton beginning as early as March and
extending into winter. Population growth rates in some areas have been rapid, and
individuals reach a length of from 16 to 24 mm in their first year. In dense
populations during the second year of recruitment, new recruits are retarded in growth
by the larger individuals. Zebra mussels are attaching to native unionid clains and
snails as well as to other submerged substrates including barge hulls. Although
sufficient opportunities exist for zebra rnussels to be transported into the Tennessee
River, and large numbers of adults occur within the locks, no reproducing populations
have been found, nor have veligers been detected in the Tennessee River plankton.
This suggests that something is preventing successful reproduction and development in
the Tennessee River.
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Predicting Success of Riverine Populations of Zebra
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Abstract

We monitored 100 km of the Ohio River around Louisville, Kentucky from 1991-
1994 for larval and settled zebra mussels, Drerssena polymorpha. Veligers, appearing
first in May 1992, occurred at low densities �.02-0.1/L!, peaked in late summer to early
autumn, and disappeared by November each year, Juveniles  post-veligers! were initially
found in August 1993, occurred through October, and settled at x 7 mussels/m'/day in
early September 1993. Benthic mussels were first detected in August 1993 at all sampled
rocky sites at densities of 1-340 mussels/m  sheH lengths = 1-25 mm!. Based on adult
sizes and growth rates, juveniles must have first settled around September 1992, Mussels
primarily occupied cobble, were typically attached to lower and side surfaces, and were
randomly dispersed on these areas. Males and females were equally abundant and similar
in size. Compared to lakes, primary factors likely to limit riverine populations of
Dreissena polymorphy are lower primary production and greater siltation; favorable
riverine factors, such as abundant oxygen and absence of thermoclines, should increase
depth and latitudinal distribution of mussels. Aside from their probable negative impacts
on native mussels and herbivorous zooplankton, we predict a net positive ecological eFect
from D. polymorpha on total riverine biomass and, possibly, species diversity.
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Introduction

Zebra mussels, Dreissena polymorpha  Pallas!, have spread rapidly into several
major river systems in southeastern Canada and the eastern and midwestern portions of
the United States since their successful invasion of the Great Lakes from Europe in the
mid-1980s  Hebert et al. 1989, Mackie at el. 1989!. The thermal and osmotic
requirements of this exotic species should eventually allow them to disperse through much
of Canada and the Uruted States  Strayer 1991!; and because of their realized and
potential economic and ecological impacts, they pose serious threats to both industry and
natural ecosystems  Mackie et al, 1989; Hebert et al. 1991; Mackie 1991; Hunter and
Bailey 1992; Maclssac et al. 1992; GrifFtths 1993!.

Data on the dispersal and impacts of Dreissena spp, in North America and Europe
have focused predominantly on lake populations, thereby providing little basis for
predicting the likely success of zebra rnussels in lotic environments  Strayer 1991!, Only
recently have ecologists examined the potential responses of dreissenids to lotic conditions
 e,g., Alexander et al. 1994; Mellina and Rasmussen 1994!. Although large rivers are
sometimes described incorrectly as little more than slowly-flowing lakes, there are in fact
major difFerences between lakes and large rivers in their physical, chemical, and biological
characteristics  Ryder and Pesendorfer 1989; Thorp et al. 1994!. Consequently, the
population size, distribution, and ecological impacts of dreissenids may be correspondingly
different in lentic and lotic ecosystems.

We describe here the results of a four year study �991-1994! of the early
colonization and microhabitat distribution patterns of D, poIymorpha in a rniddle portion
of the Ohio River near Louisville, Kentucky. Included are data on the densities of
planktonic veligers, newly-settled juveniles  � mm long!, and benthic mussels  z 1 mm
long! as well as information on the microhabitat distribution, dispersion, and sex ratios of
benthic mussels, We compare lake and river characteristics and predict responses of D,
polymorpha to riverine conditions.

Materials and Methods

Sample Sites

The Ohio River is the second largest river in the United States, based on annual
average discharge �273 m's' for a 63 year period!. Flow generally peaks in late winter
through spring and reaches rninirnum levels in late summer through early fall. During our
study, we recorded mid-channel surface current velocities of 0.2-1.7 m s'; velocities near
shore ranged from 0-0 4 rn s' but were typically s 0.12 m-s '. Near LouisviHe, water
temperatures ranged from 4-26'C during our study. Turbidity varied in a reasonably
predictable pattern, with a average maximum of 40 NTU  nephelometric turbidity units!
 or more, depending on the year! in early spring and a minimum value of 5-10 NTU in
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summer through early fall.
The Ohio is a constricted-channel river around and upstream of Louisville and is

approxiinately 800 m wide at Louisville. The river bottom is generally muddy near shore
and gravelly to sandy in deeper mid-channel areas; large patches of limestone cobble and
boulders are common in shallow water froin I oui svtlle upstream to Pittsburgh but
disappear within 100 kin downstream from Louisville as the Ohio becomes a floodplain
river, However, rock has been added at numerous sites along the entire river for erosion
control. Woody debris is also common, particularly away f'rom the city near undeveloped
mainland and island shores. All these hard substrates are important for settling juvenile
zebra mussels. Vascular macrophytes, which are ephemeral and structurally less suitable
for long term colonization by D. polymorpha, occur in patches along many parts of the
river.

The initial year of sampling �991! spanned over 350 km of the Ohio from the
lowhead Cannelton Darn near Cloverport, KY upstream to Cincinnati, OH. Results of this
zooplankton study are reported elsewhere  Thorp et al. 1994!. Because no larval or
settled benthic dreissenids were detected during the 12 monthly sampling dates of that
study, the present paper concerns samples collected in 1992-1994 from a 100 km stretch
of the Ohio River  Fig, 1! centered at the lowhead McAlpine Locks and Dam  MLD! in
downtown Louisville �8'16'N, 85 47'W!.

Veliger Monitoring

At 10-12 day intervals, 4 water satnples were taken 11.5 km upstream of the
McAlpine Dam  CPR in 1992-93! and 3.1 km below this navigation dam  NAR, in 1993
only!  Fig, 1!. Two 50-L samples were pumped from 0.5-1 m depth near the river bank
and filtered through a 63 pm mesh net; a third 50-L sample was pumped from the surface
�.5-1 m! in mid-channel; and a fourth sample was collected with a vertical plankton tow
�3 atm mesh! from the bottom to the surface at mid-channel. All water samples were
stored on ice, and the veligers were counted live in the laboratory within 24 h with a
stereomicroscope �0 x! fitted with two parallel, horizontally-aligned polarizing filters
 one above and one below the sample!. The cross-polarized light produced by shifting the
orientation of one filter by 90' allowed rapid and accurate counting of veligers, which
appear as dark crosses on hght shells; this effect is generated because of the birefringence
of the calcareous shell under cross-polarized light  L E. Johnson, and S. J. Nichols, pers.
comm.!. 1n this manner, zebra mussel veligers are easily distinguished from other
zooplankton, detritus, algae, and sand grains. Veligers of the Asiatic clam, Corbicula
flumi nea, also have a birefringent pattern; so it was necessary to look for their shell
striations under higher magnification to distinguish them &om zebra mussels  S. J,
Nichols. unpublished manuscript!, Less than 1 /o of all larvae collected, however, were C
fluminea in 1993.
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Figure I. Location of all sampling sites in the Ohio River:  l! RHA: Rock Haven ramp
 KY!; �! FRC: Falling Run Creek  IN!; �! NAR: New Albany ramp  IN!; �! FOW
Falls of the Ohio, below weir; �! LWZ, Louisvi lie Water Co. intake  KY!; �! JVR:
Jeffersonvt'lie ramp  IN!. �! CPR: Cor Fark ramp  KY!;  8! L WP: Louisville Water Co.
tntake  KY!;  9! EM: acrossPom I8 mileisland  IÃ!;  IO! RES: upstream of Westport
ramp  KY!;  I I! PA T: Patton's creek  KY!. Downtown Louisville is between sites 3 and
4.

Juvenile Monitoring

During May through October 1993, we placed nylon mesh  bridal veil! samplers in
the river to quantify the settling rate of juveniles  post-veligers!. Sample units consisted of
0,1 m' �. S cm wide x 40 cm long! sections of nylon screen mesh, which were wadded
into a loose baH and placed inside a larger container  vexar, 1.5 cm mesh opening!.
Samplers were set in the Ohio River at 10. 1 km above the McAlpine Darn  LWZ! and
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within a flowing water mesocosm at the Louisville Water Company's Payne water
treatment station  LWP, Fig. 1!. This mesocosm consists of 40 fiow through channels �0
x 10 cm x 3.05 rn long! which receive raw water directly from the nearby � km! Ohio
River, We collected the veil every two weeks, alternating weekly between two samplers
at each site. We searched for juveniles using a stereomicroscope and cross-polarized light.

Density, Size and Sex Ratio of Benthic Mussels

In conjunction with various projects on the Ohio River in 1991-92, we regularly
examined hard substrates along the shoreline at several sites near Louisville for benthic
zebra mussels; however, no D. poIymorpha were found. In August 1993, we observed
our first benthic mussels on natural substrate  at EMI, Fig, 1!. After an initial survey by
scuba diving, we confined our final quantitative sampling to 0,25-1 rn depths where
dreissenids were clustered  a few were retrieved from rocks and snags as deep as 4 m!.
During October and November 1993, ten sites along a 100-km stretch of the Ohio River,
centered around Louisville, were examined for benthic mussels, At six sites  RHA, FRC,
NAR, EMI, WES, PAT; Fig. 1!, adult densities were determined with a 1 m- square, PVC
pipe quadrat placed over random substrate areas. Five to twenty samples were collected
at each site. Shell lengths  SL! of all individuals were measured to the nearest 0.01 mm.
At four other sites  FOW, lVR, CPR, LWP!, no quadrats were used; however, we
collected and measured all zebra mussels during an intensive search of approximately 5-10
m' of substrate at each site. After pooling data from all 10 sites, we generated a frequency
curve of the proportion ofbenthic mussels in each size class.

In June 1994, we coflected 100 mature  9-23 mm! D, polymorpha from CPR  Fig.
1!. Each mussel was dissected and gonadal tissue was observed under a compound
microscope �00 X! to determine the sex of each animal. We tested the observed
proportions of males and females against a 1:1 female:male pattern for afl 100 animals and
for each of three different size classes  9-14 mm, 15-19 rnm, and 20-23 mm!. In addition,
we compared the mean size of mature males to mature females.

Microhabitat Distribution of Benthic Musseis

In November 1993, 10 rocks  linear dimensions approximately 10-20 crn! were
collected at 0,25 - 1 rn in depth from a site 11.5 km upstream of McAlpine Dam  CPR,
Fig. 1!. The distance  in mm! to their nearest neighboring mussel was measured for each
zebra mussel on all rocks, This plotless technique evaluated microhabitat dispersion, using
a method of testing for reciprocal pairs of nearest neighbors  Pielou 1977!. In a
randomly-dispersed population, 62.15% of the individuals are in reciprocal pairs, where
each member of the pair is the other's closest neighbor; this percentage is the expected
frequency used for comparing observed results with a chi-squared goodness-of-fit test



 Sokal and Rohlf 1981!, A significant deviation from the expected value indicates either a
dumped or uniform distribution.

In November 1993, we also collected mussels from 35 Aat rocks  approximately
10-20 crn maximum dimension! lying horizontally in the river  but not buried! at a site
49.5 km below the dam  RHA; Fig, 1!, Numbers of mussels on the upper and lower
surfaces of each rock were tallied, The Wilcoxon matched-pairs signed-ranks test  Siegel
1956! was used to test whether zebra mussels were congregated on either lower or upper
surfaces.

Results

Veliger Monitoring

Despite extensive sampling in 1991, we detected no dreissenid veligers until May
1992. Veligers were collected from July to November in 1992 and from July through
October of 1993  Fig. 2!. No clear difference existed in the densities collected at different
sites  from the bank, channel, or vertical tow, at both CPR and NAR!, thus, we calculated
mean veliger densities  numbers of veligers per liter! from all eight samples taken from the
two sites each sampling date. In both years densities of veligers remained consistently low
and peaked at an average of about 0.1 veligers/L. Although a clear larval-production
pattern is not yet evident, data shown in Fig. 2 suggest a bimodal pattern with a weak
mode in mid-July of both years followed by a prominent peak in late summer to early fall.

Juvenile Monitoring

Juveniles were not detected in 1992, although the size of benthic mussels collected
in the late summer of 1993 suggests that a small amount of settling must have occurred in
late 1992. The settling rate of juveniles in 1993 was unirnodal, with peak numbers in
August to September  Fig. 2!. The peak in settled juveniles coincided with the second
peak in veligers observed that year. Peak densities �-7 juveniles settling/m'/day!
occurred throughout September.

Density, Size and Sea Ratio of Benthic Mnssels

We collected zebra mussels from cobble, boulders, snags, and macrophytes in the
Ohio River during 1993, but the overwhelming majority were on the rocks. Densities of
rnussels at the six principal sample sites were quite variable in 1993; the averages at the six
sites ranged from 1 to 340 mussels/m'  highest value at the most downstream site, RHA!.
A preliminary survey in June 1994 indicated that the average density of mussels at one site
 CPR! was 1,342 mussels/m'  based on eight 0.25 m' quadrat samples!. Because all

ussels collected in quadrats were attached to rocks, the densities recorded were affected
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Figure 2. Zebra mussel veliger dertsi ties  at 3 and 7! and
post veliger settlement  at sites 5 � 8! .

than a few months at the time of our autumn survey. Based on these data, we estimated
that the maximum shell length that could be attained by a YOY that settled in the 1993
was 10 mm by November. By applying this estimate to the size class data for Ohio River
zebra mussels  Fig. 3!, we calculated that a maximum of 9.4% of the in situ populations,
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by the number of suitably-sized rocks in a quadrat. Although D, polymorpha were found
on substrates as small as a snail  some pleurocerid snails held more than five mussels!,
most dreissenids inhabited rocks a 5-10 cm in maximum linear dimension,

Settled mussels ranged in size from 1-25 mm SL; percentages of all individuals of
different sizes are shown in Fig. 3. To distinguish young-of-the year  YOY! zebra mussels
 i.e., those that settled in 1993! from those that had settled the previous year, we
measured all zebra mussels that had colonized either our post-veliger, benthic samplers set
out from May to November 1993  at LWZ! or the fiowing water stream mesocosm  at
LWP!, which began operating in May 1993. Estimates of the maximum size of YOY were
based on monthly measurements of shell lengths of several hundred small zebra mussels
that had colonized the sides of the mesocosrn channels at LWP and benthic samplers at
LWZ from September to November ] 993; thus, these animals could not have been older
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on average for the ten sites, were older than a YOY  i.e., they settled in August - October
1992 and were at least 11 rnm long!, Of the 100 mature mussels  9-23 mm long! that
were sexed, 50 were males and 50 were females  X' = 0, p > 0.9!, The percentage of
females in each of three size classes  9-14 mm shell length, 15-19 rnm, and 20-23 mm!
was 49 /o, 50 /o and 54 /o females, respectively, This strongly suggests a 1, 1 sex ratio,
regardless of size. The average size of the mature males was 15.44 tnm + 0.43  S.E.!, and
the average size of females was 15.77 mm + 0.45  S.E.!. This diftcrence was not
statistically signifjcant  t = 0.53, p >. 0.5!,

Microhabitat Distribution of Benthic Mnssels
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Most zebra mussels occupied the sides and exposed undersurface of rocks  Fig. 4!.
In fact, 34 of the 35 flat rocks we examined had greater numbers of zebra mussels
attached to the lower surface  x = 7.46, S.E. = 1,25! than to the upper surface  x = 0.57,
S.E. = 0,18!  Wilcoxon matched-pairs signed-ranks test, Z = -4,98, p < 0.001!.

A quantitative analysis of the early colonization dispersion pattern of zebra rnussels
on individual rocks showed it to be random, rather than uniform or clumped, within the



area they occupied. The mean distance to their nearest neighbor was 19.5 mm + 15.0
 S.D.! for the small rnussels  SL s 10 mm! on the 10 rocks examined  Fig, 4!. Out of 171
small zebra mussels collected, 107 �2,69%! were in reciprocal pairs  i,e., each member of
a pair was each other's nearest neighbor!. The expected percentage of reciprocal pairs is
62. 15 % in a randomly-dispersed population. Therefore, because our results do not difFer
&om theoretical predictions  X' = 0.0129, df = 1, p > 0.9!, we cannot reject the null
hypothesis of a random dispersion of zebra mussels on the sides and undersurface of
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individual cobbles. Initial observations of mussels in 1994 suggest that the dispersion
pattern becomes more clumped at higher densities.

Discussion

Even though streams and rivers are the primary natural habitats of most freshwater
bivalve molluscs in Europe and North America  see McMahon 1991!, aquatic ecologists
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Figure 4. Small, scale distribution patterns of zebra
mussels on rocky habitats: the relative distances of
nearest neighbors  A! and the proportion of zebra mussels on
the upper and lowez. surfaces af racks �! .



studying D. polymorpha have focused their research efforts on lake populations. Factors
contributing to this research trend in North America include a general scarcity of
ecologists working in navigable rivers and a relatively poor funding history for zebra
mussel research in habitats outside the Great Lakes - the initial point of colonization by
zebra mussels. If large rivers were not much more than slowly-flowing lakes, this research
einphasis would scarcely matter; but given the erroneous nature of this portrayal  Ryder
and Pesendorfer 1989; Thorp et al. 1994!, it is crucial that predictions on effects of
dreissenid molluscs in rivers be founded on data from these lotic ecosystems.

Features likely to influence the relative ecological success and impacts of
dreissenids in North American river and lake habitats are described in Table 1, In the
remainder of this paper, we interpret our field data in relation to some of these
characteristics, compare our results with data obtained fTom other rivers as well as lakes,
and provide preliminary estimates of the ultimate population size and ecological impact of
D. polymarpha in the Ohio and other rivers,

Population Density

Zebra mussels escaped the confines of the Great Lakes and associated rivers
during the late 1980s, entering both the Hudson River and the Mississippi Rjver system
 e.g,, Whitney et al. 1993!, Dreissena polymorpha were found on some living and dead
unionid mussels and a few water intake pipes and boat hulls in the lower Ohio River as
well as on most navigation dams in the Ohio from above Cairo, IL to near Pittsburgh, PA
as early as 1991. By the end of 1993, the St. Lawrence, Hudson, Illinois, upper and lower
Mississippi, Arkansas, Tennessee, Cumberland, and Ohio Rivers had adult populations of
zebra rnussels  O' Neill 1993!. The pattern and rapidity of dispersal suggests that barge
traffic was a primary vector for invasion,

We collected D. polymorpha veligers from the Ohio River in the vicinity of
Louisville, KY, as early as May 1992. These larvae were consistently present throughout
that summer and the next, but their densities were low �.02-0.1/L! relative to maximum
numbers of 50/L found in the lower Ohio below Paducah, KY  J. Jenkinson, pers. comm.!,
an area with a longer colonization history, Veliger densities in Lake Erie were also low
during early colonization  < 3/L in 1989, Riessen et al. 1993! but rose rapidly thereafter
 maximum values in 1990 of 137/L  Riessen et al. 1993!; and 360/L  Fraleigh et al. 1993!,
for the eastern and western basins of Lake Erie, respectively!. Veliger production in 1992
and 1993 in the middle portion of the Ohio River near Louisville seemed to follow a
bimodal pattern with a weak mode in July followed by a much more prominent peak in
late summer to early fall, Both bimodal and unimodal patterns of veliger production have
been reported in Lake Erie, depending upon year and site  e.g., Garton and Haag 1993!.
Juveniles probably settled in late 1992, though we did not collect any until midsummer
1993, when settling rates reached approximately 7 animals/m-'/day. This maximum rate is
substantially lower than the estimated peak settling rates in Lake Erie of 10 to1,885
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juveniles/m'/day for 1989  Garton and Haag 1993! and 360/m'/day for 1990  Fraleigh et
al, 1993!. Garton and Haag �993! estimated that 30,000 mussels per m' settled during
the reproductive season of 19S9, but only 17,000/' settled in 1990,

Cobble, boulders, and wood snags were extensively sampled above and below
I ouisville through early August 1992 without any evidence of zebra mussels z 1 inm long.
However, the size of benthic zebra mussels first collected in August 1993 suggests that
some settling must have occurred late m the previous reproductive year. Benthic zebra
mussels were observed at every rock bed sampled in autumn 1993 aIong a 100 km stretch
of the Ohio near Louisville, with densities ranging from 1-340 mussels/m', Based on size
distributions and length-weight ratios, we estimate that the average biomass at peak
densities  at RHA, Fig. I! was 0.64 g m '  shell-free dry biomass!.

We expected the density of zebra mussels in the main stem of the Ohio River near
Louisville to increase in the summer of 1994 by 1-2 orders of magnitude over 1993 values
 resulting in average densities in shallow water rock beds of 2,000 to 5,000 mussels/rn'!
for two reasons. First, benthic zebra mussel populations in the Ohio appear to have
increased ten-fold between 1992 and 1993  based on estimates from our size-class data!.
Second, similar trends have been detected in the Hudson River where numbers by the
second to third year of dreissenid colonization reached upwards to 10-30,000 mussels/m'
 D. Strayer, pers. comm.! with average densities of roughly 3,000/m' of rock bottom  J.
Rasmussen, pers. comm.!. Although we have not thoroughly surveyed the Ohio River
population near Louisville in 1994, preliminary samples taken at one site  CPR! in June
1994 showed a four-fold increase in rnaximutn density over the maximum observed in the
vicinity in 1993. It is harder to predict the ultimate biomass of zebra tnussel populations
without knowing the thresholds of food and space competition; however, we expect the
average individual biomass to increase at a slower rate than population density and then to
decline as intraspecific competition intensifies,

Estimating maximum achievable population densities in rivers by comparing them
with lakes is difficult at this titne because of confounding factors, including the fact that
we have tracked riverine populations from zero, whereas the oldest populations in the
Great Lakes were not systematically observed during the initial few years of the invasion.
Nonetheless, we hypothesize that the average density of D. polymorpha in rivers will be
lower in general than those of lakes. of comparable water quality because of the net eR'ect
of several positive and negative habitat characteristics that we expect to influence
dreissenids  listed in Table 1 and summarized below!.

Factors potentially limiting the success of D. polymorpha populations in rivers will
usually include lower system primary productivity, poorer food quality, feeding and
respiratory hinderance from sediment movement  Alexander et al, 1994!, siltation
problems, inadequate supply of hard substrates in floodplain rivers, fluctuations in river
stage, and possible interference with settling at high current velocities  Table 1!. Of these,
the primary factors are likely to be ecosystem primary productivity, siltation/burial, and
substrate limitations, Phytoplankton are typically less abundant in rivers than lakes  see
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Table 6 in Ryder and Pesendorfer l989!, suggesting that food will be more limiting in
rivers at comparable mussel densities. Mellina and Rasmussen �994! indicated that
densities of dreissenid mussels declined significantly m rivers as substrate size diminished.
Within the Ohio River, hard substrates should quickly be limiting in the lower, floodplain
portion of the river; the same will likely be true for most of the Mississippi River.
However, substrate availability should not be limiting in the upper two-thirds of the Ohio
for a few years, if ever, because that constricted-channel portion of the river has abundant
rock beds.

Habitat features of rivers that should enhance population growth over that
observed in lakes will normally include current-renewed food  albeit at lower total river
phytoplankton production!, little chemical or thermal stratification, higher oxygen levels
throughout the water column, typically less ice cover and scouring, and possibly more
optimal temperature patterns  Table l!, Many of these factors will influence within-
habitat  e.g,, depth ranges! and between-habitat distribution  e.g., latitudinal range! to an
equal or greater extent than they affect population density. For example, D. polymorpha
populations in rivers should colonize farther south in the United States than those in lakes
because of lower summer temperature maxima in rivers, compared to lake epilimnia
 where mussel food resources predominate!. In addition, mussels can probably disperse
geographically at a faster rate in rivers than in lakes.

Habitat Distribution and Dispersion

Almost all adult mussels collected in the lower Ohio during l993 were on rocks,
but a few individuals were taken from snags and aquatic weeds, especially in floodplain
areas lacking abundant rocks, Individuals collected in the Ohio River from the leaf blades
of vascular rnacrophytes  e.g,, Vallisneria! were uniformly small  < 2 mrn!, probably
because the mussels lacked adequate growth time between emergence and die-back of the
above-sediment portion of the plant. An explanation for the scarcity of zebra mussels on
snags is less evident but may relate to substrate preference, as the density of D.
polymorpha on snags tended to rise with decreasing numbers of rocks. Two other
plausible reasons are that snags are not retained long in rivers  relative to the mussel life
span!, and they are more subject to exposure because most are in shallow water and
extend on to the bank, We observed no zebra mussels on soft substrates in the Ohio
River, and they also appear to be absent from mud in the St, Lawrence and Hudson Rivers
 J. Rasmussen, pers. comm.!, except possibly where hard objects exist in the mud .

The vertical distribution range of D. polymorpha in rivers should proportionately
exceed that of lakes because rivers are generally well-mixed and lack thermoclines.
Therefore, a thermal, chemical, and physical barrier is absent which could otherwise
impede movement of phytoptankton and lead to inhospitable oxygen and thermal
conditions. Deep water habitats may have some disadvantages, however, because of their
typically higher current velocities. During scuba diving, one of us  JHT! found zebra
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mussels as deep as 4 m  low light hindered a deeper survey!, and we suspect they occurred
in the deepest part of the river �-8 m at that site!; however, densities appeared to be
lower past l-2 m, so quantitative sampling was restricted to shallow water.

Unlike Lake Erie, where zebra mussels are abundant on the tops and sides of rocks
 J. Thorp, pers. observ.!, the overwhelming majority of D. poIymorpha in the Ohio River
occupied the undersurface and sides of rocks. Rocks partially buried in the sediment
 such as we observed while diving below 3 m in the Ohio! had few if any zebra mussels;
no D. polymorpha could, we presume, live on the underside of those rocks. Zebra
mussels in shallow waters of the Hudson River are also found primarily on the
undersurface of stones; those in deep water were frequently observed on the upper surface
of rocks  D. Strayer, pers. comm.!.

Why is the microhabitat distribution of D. polymorpha different in Lake Erie and
these two rivers? We hypothesize that several distinct disadvantages accrue to mussels
living on the top side of a river rock. In comparison to the undersurface of a rock, the
upper surface should be exposed to higher siltation, greater growth of filamentous algae
on the rock and mussel shell  which may interfere with feeding!, and more predation from
molluscivorous fish. Lake D. polymorpha populations are not subjected to the high
siltation and possible smothering which face river populations, Food can easily reach
rnussels attached to the undersurface of rocks in rivers because of persistent water
currents. Living under rocks could be disadvantageous if predation from crayfish or small
benthic fish exceeded that potentially occurring on the top surface, Predator avoidance
might be another reason for selecting a rock over snag, as the latter would generally
provide lesser protection ail around its outer surface than afforded by the underside of a
stone. The occurrence of D. polymorpha on the upper surface of stones in Lake Erie and
deep water areas of the Hudson and Ohio Rivers may reflect either intense competition for
space, partial burial of most available hard surfaces, or conditions different from those
typical of shallow water in rivers

We initially suspected that zebra mussels would be uniformly dispersed on rocks,
because of qualitative observations of the distribution of large zebra mussels  SL a 20
min! on rip-rap stones below Paducah, KY in the floodplain portion of the Ohio. A
uniform dispersion should also improve average filtration efficiency for the occupants of a
stone. A quantitative analysis of 17I zebra mussels on l0 rocks near Louisville, however,
clearly indicated a random dispersion within the microhabitat selected by the inussels. In
another study  E, Marsden, unpublished manuscript!, a clumped dispersion pattern was
observed. It is not apparent at present whether dispersion is influenced by mean body size
and density of Dreissena, as both factors could influence potential intraspecific
interactions through exploitative or interference competition.
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Ecological impacts in Rivers

Dreimena pnlymorpha could have several significant positive and negative
ecological impacts on riverine ecosystems. On the negative side, evidence accumulating in
both the Great Lakes  Hebert et al 1991; Mackie l991, Hunter and Bailey 1992! and
large rivers  Whitney et al. 1993! suggests that Drerssena eliminates native populations of
unionid mussels. This problem may be especially acute in the highly-diverse Tennessee
and Ohio River vaHeys where many species of unionid mussels are currently on the state
and federal lists of threatened and endangered species. Refuges for native mussels may be
limited to non-navigable rivers or possibly to more ephemeral headwater streams.
Ecologists have also concluded that zebra mussels significantly depressed phytoplankton
density in the Hudson River  D. Strayer, pers. comm.!, which will directly affect not only
D. polymorpha's Future population size but also those of other planktivores. Preliminary
experiments we conducted in outdoor tanks using Ohio River water and plankton seem to
support this finding. These tank experiments also showed that zebra mussels could reduce
suspended sediment levels  J. Thorp, unpublished data!; however, we are less confident
that mussel densities wiH ever be sufficient to reduce significantly the heavy inorganic
turbidity of the Ohio. On the positive side, D. poIymorpha should enhance benthic habitat
heterogeneity  providing refuges for small invertebrates!, shorten nutrient spiraling lengths
 through better retention of organic matter!, and increase total ecosystem secondary
production by extracting organic matter from the plankton  some of which would
otherwise be exported! and adding it to the benthos, thus providing food for predators
 moHuscivores!, scavengers  e.g., arnphipods feed heavily on dead mussets in the lab!, and
detritivores  consumption of zebra mussel feces and pseudofeces!. Positive benefits of the
shiA of energy from pelagic to benthic food webs have been noted previously in lakes
 Hebert et al. 1991; Mackie 1991; Hunter and Bailey 1992; MacIssac et al. 1992; Griffiths
1993!. Therefore, aside from their negative effects on native unionids and potential
competition with herbivorous zooplankton, we predict a net positive ecological efFect in
rivers froin the zebra mussel invasion, as judged by increases in ecosystem biomass and,
possibly, benthic species diversity.
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Table L Hypothesized differences between lakes and large rivers that could influence
population sizes and ecological impacts of Dreisserra.

Possible InAnences on
Riverine Dreissena

Characteristics in Rivers
and Lakes

Factor

Greater in rivers and

seasonally fluctuating
Erosion/siltation

Turbidity/sediment
transport

Permanent hard

substrates

Positive; upper depth less
likely to be set by ice scour in
rivers

Water depth fluctuations

Primarily from phytoplankton
in lakes  except some
reservoirs! but greater and
abiotic in rivers during high
flow, with some biotic in low
flow wartn periods

Variable and habitat-

dependent; limited to snags
and artificial surfaces in

floodplain rivers; more
abundant in constricted

channel rivers

Ice formation/scouring Less common in rivers of
same latitude

Greater and more rapid in
rivers but differences

decrease somewhat in

dammed rivers

Negative; limit to distribution
and habitats; increased
energetic costs from avoiding
burial

Negative from suspended
sediment; interferes with
feeding and increases
energetic costs

More limiting to population
sizes in floodplain rivers,
except where rocks are more
abundant than in lakes

Shallow water distribution

limited by fluctuations in
river stage; seasonal flooding
could strand rnussels

 especially veligers and early
juveniles!



Table 1 cont.

Characteristics in Rivers
and Lakes

Possible Influences on
Riverine DreissenaFactor

Present consistently only in
rivers

Directional water

currents

Water circulation

patterns
Improved access to food and
oxygen in deeper waters;
more stable thermal patterns

Positive; metabolic rate more
more constant with depth;
reduced oxygen or thermal
stress

Temperature/depth
Profllle

Temperature extremes
and variability

Chemical stratification Pronounced in lakes; rare in Positive; reduced chances of
rivers oxygen or pH stress in deep

waters of rivers
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Mostly wind-driven in lakes
but gravity flow in rivers;
vertical circulation poor in
lakes but excellent in rivers;
helical flow in rivers

Thermoclines occur in lakes

but rivers are well-mixed

circulation poor in lakes but
excellent in rivers; helical
flow in rivers

Depth/time dependence;
lesser diurnal changes over
entire water column in rivers

than lakes of comparative
depths; diurnal variations
greater r'n lakes than rivers
for shallow water but lesser

diurnal and annual changes in
deep waters of lakes

Net positive because of
access to food and oxygen,
waste disposal, and dispersal
of young downstream, but
negative because of
dif5culty moving upstream

Minor effects from

differences in diurnal thermal

changes but the seasonally
less extreme temperatures in
colonizable portions of rivers
should allow greater
latitudinal range expansion



Table I cont.

Factor
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Oxygen content and
variability

Energy sources and
amounts

Space competition

Food competition

Characteristics in Rivers
and Lakes

Higher  average over water
cotumn! in rivers with lesser
diurnal fluctuations

Increased dependence on
allochthonous sources in

rivers; density of
phytoplankton habitat-
dependent; food more depth-
depentent in lakes

Comparable in type and
numbers

Bivalve competitors more
numerous in rivers but other

planktivores more abundant
in lakes

Possible InAuences on
Riverine Breissena

Positive  reduced oxygen
stress averaged over water
column!

Food quality declines as
dependence on dead organic
matter rises; growth rates
variable depending on system
productivity but probably
lower tn rivers; suspended
sediment hinders general
access to food in rivers; food
more available to mussels in

deep water in rivers
compared to lakes

Neutral; space competition is
mostly intraspecific in both
systems because of low
numbers of sedentary species
requiring hard substrates

Probably neutral; interference
competition should eliminate
food competition from
unionid mussels; other
ptanktivores should be either
less efficient or not

su%ciently abundant to cause
problems



Table l cont.

Factor

Predation
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Characteristics in Rivers
and Lakes

Planktivorous fish and

invertebrates relatively more
common in lakes; unknown
di6erences in relative

abundance of fish able to eat

adult Dreissena; diving
waterfowl probably more
abundant in lakes

Possible InAuences on
Riverine Dreisseaa

Probably relatively positive in
rivers for veligers because of
fewer planktivores but
unknown impacts of adults
relative to lakes; predatory
regulation of mussel
populations is unlikely in
either ecosystem
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Studies on the spread, recruitment, ecological impact, or control of nuisance
bivalves require reliable species identification, ei~ally of larval and postlarval stages.
We have used scaruung electron ruicroscopy  SEM! techniques to discrirmnare among the
larval and postlarval stages of the zebra mussel  g~azga ~igg~g and other
potentially ~~~g bivalves fmm freshwater and estuarine habitats, such as the Asiatic

dMS � | "8 " tMdl
clam  gg@jtL ~i~g. Detailed SEM micrograph sequences of larval and postlar mal stages
illustrate differences in hinge morphology and shell morphccnetery that appear to be
species-speci6c. For example, larvae of D. ggl~ggggg~ can be distinguished fmtn the
other species above based an their prominent hinge teeth. Postlarvae of D. ggg~~gggha do
not appear to have Iateral or cardjinal teeth and they develop an elongated shell directed in a
postero-ventrml direction with a relatively straight anterior margin and a somewhat square
posterior margin. The above diagnostic features allow discrimination among the crucial,
early life stages of bivalve species collected in plankton or benthic samples.
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Intxoductiou

The continuing, rapid advance of thc zebra mussel, /~~ill g~i~~a,
throughout the inland freshwatcrs of North America and towards the rivers and estuarine
cnvimnments of the heavily populated and industrial mid-Atlantic region is of great
concern. Based on thc distribution of D. g~ggg~h}, in Europe, Strayer �991! and
Strayer k Smith �992! predicted that D. g~mg~l;g will soon bccomc widespread and
abundant throughout much of the fresh and braclrish waters of North America. Shnilar
rapid invasions of North Arncrican fxcshwatcrs and estuaries have bccn cxpcricnced with
the introduction of thc biofouling Asiatic clam,!~~ Qggj~  McMahon 1982,
C 986l d * .~  C I . 990!.
Recently, Walton �993! confirme the spread of Q. ~~~+ into thc ohgohalinc
 i.e., salinity 5 6 ppt! reach of the Hudson River estuary. Thus, it is likely that this prolific
and highly dispersive mussel will also expand down the Delawaxe and Susquehanna Rivers
toward Delaware Bay and Chesapeake Bay, respectively.

In the course of this range expansion, zebra xnussel populations wi11 likely overlap
with several other regional bivalve species that tolerate similar levels of salinity  I able 1!
and that produce planktonic larvae. Indeed, beyond its co-cemence in &eshwatcrs with
populations of the quagga mussel, Qzjgggg ~«~~ and the Asiatic clam, g Qggj~g,
the zebra mussel now overlaps with onc brackish water species, thc dark false mussel
+dilegsh luzp~ga  Walton 1993!, and may soon coexist with a second, the wedge

d
mussel, particularly at the larval and postlarval life stage, will bewanc more problematic
since thcsc important life stages can be difficult to distinguish in plankton and benthic
samples  e.g., Lutz 1985!.

While a limited number of identification guides for early life stages of
Q,.~i~i".~g do exist  Mackie et al. 1989, Hopkins k Leach 1992, Conn ct al. 1993,
Nichols 4 Black 1994! it is difficult to unambiguously identify and dimiminatc larval aud
early postiarval specimens of this spccics fxoru those of other bivalves that
co-exist in freshwater and oligohahnc environments. 1%is is particularly true at the early
 straight-hinge! larval stage. In this study we present data on shell morphology, derived
from scanning electron and light micrograph sequences of larvae and posdarvac, that
U D''" P,CQ hl~

E-atltleaaa

Larvae and postlarvae of ~~zap spp.wexc collected from the St. Lawrence River
between ~na, New York, and Cornwall, Ontario. Larvae were collected in plankton
nets and postiarvae were scraped fxotn adult shells and other haxd substrates  Conn ct al.
1993!. The collection area was populated with repxoductively active zebra musscls,
K~Q5QQL QQJ!~~ However, because there was a small, reproducing population of
thc quagga musse4 X~52~ hllg.~ upstream from thc collection sites, there is a
remote possibility that Q. QggI~ was included in our samples. Far the purposes of this
study, we will refer to these specimens as /<~it;~ spp. and will assume that both D.
ggyggi~i~ and Q. /@gag~ can be distinguished f'xom thc other study species based on
the characters described herein.
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Adult g. fhzlljni~ and M. Ji~i~i~h~g were collected 6am fresh and brackish
water habitats, respectively, in Maryland  Kennedy et al. 1991, Conn et al. 1993! and adult
Q.~i~ were collected from a brackish water habitat in the Cohansey River, Ncw Jersey
 approx. 39' 22' N; 75' 22' W!. Latval g. Qgg~l were released at thc pcdivcligcr stage
from adult animals held in the laboratory and postlarvae were collected &om fiel locations
 Kennedy et aL 1991!. Adult ~ li~izgi~~! and Q~,'~ were spawned in the
laboratory and the resultant larvae and postlarvae were reaxed following the procedures of
Loosanoff 4, Davis �963!.

Specimens were preserved in 95% ethanol  Lutz et aL 1982, Kennedy et al. 1991!
and were later rinsed in deionized water and inunersed in a 525% solution of sodium
hypochloritc for about 10 � 30 min to remove soft tissues and to disaniculate shell valves
 after Rees 1950!. Valves were rinsed in deionized water, dehydxated in ethanol  95 and
100%!, air dried, and mounted on 3M-850 or double-sided tape. Specimens were coated
under vacuuxn with approximately 600 A of gold-palhdium {Fuller A Lutz 1989! and
photographed with an Amray 18301 or an ETEC Autoscan scanning electron microscope
 SFM}. Consistent alignment of specimen valves and rnachine cahbration was performed
according to Fuller et aL �989! to facilitate accurate shell shape and dimensional analyses.
The outlines of photographed shell valves were digitized using Moxphosys software
 Exeter, Inc.!, were converted to average cigenshapcs, and were plotted using Lpshape
 Lohmann 4 Schweiter 1990!.

Results and Discussion

Comparison of shell shapes and hinge structures provide diagnostic, spccies-
specific features that can be used to identify both larval and postlarval specimens collected

d' ». dd fd
E.~gg are similar in size and shape  Fig. 1}. In contrast, the larvae of g Qgg~
which axe released as pcdivcUgers, have large, D-shaped valves  Fig. 1!. Further, a large
portion of the, external shell surface  corresponding to the prodissoconch II region! of
I! Wp:d!~ E ' f"
growth ridges, whereas most of the shell surface  corresponding to the prodissoconch I
region! of g Qgmjggg is smooth to irregular in sculptuxe, with a few comxnaqpxusl ridges
confined to thc periphery of the shell  Kennedy ct aL 1991!. The larval hinge structuxe of
EhziRRaa spp. is distinct from the other species in that it has numerous, smail denticles, as
opposed to the relatively featuxeless hinge region of ~ ~i+ggg, g�ggg~IL, and g
Qzgjggg,  Fig. 2!.

After metamorphosis to the benthic life stage, difference in the shape of shell
valves becomes xnoxe marketL In both ~jz~g spp,and ~ ~i~i~g shell growth
proceeds mainly along the postcro-ventral margin, resulting in an elongation pxitxmtxily in
shell height  the maximal dimension &om the umbo to the ventral xnargin!  Fig. 3!. The
shape of ~MRDtl spp. differs from that of ~ Q~ggggll in that the anterior margin is

dd *d
comparison, shell growth in E.~~p and Q. fhmjaap pmeoxh mainly along the
posterior-anterior axis, resulting in an elongation in shell length relative to height. The
external surface of Q. flllmjaga is distinct horn the other species in thar it has strong,
widely spaced commarginal ridges as opposed to the finc ridges of g~g~ spp., ~

~ fd ~ d ' dd. dil f
similar in that both possess prominent anterior beaks with no evidence of hinge teeth  Fig.
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4!. In contrast, neither E.~r>QL or g. 5ggjg!~ have a pmmincnt beak and both have
relatively large cardinal and lateral teeth  Fig. 4!. A difference in thc hinge dentition of
g,.gag~ and Q. Qgg jggL is established in valves about 2 inm long, herc, Qggg~tL has
two cardinal teeth  anterior and central!, whereas g. Qggjggg has three  anterior, central,
posterior!.
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g.. I Ay 4E * ., 't.
QSkzkx and QK~~gdh55lgaK ShaPes taken frotn disaniculated right valves,
Valves of ~~~~gg spp.   10D pm were not available for study. Note the large,
D-shaped C. g~~ggg valve  dashed line, bosom panel!.



Fig. 2. Larval hinge structure of Dri~i~i~ng spp.  A!, Mvti 1qp~i ~luis/~z  B!, R~ggjg
Qmegg  C!, and Qzahgglg~zj,mg  D!. Shells are right valves from speciInens
180 - 290 pm shell length. Note dentition on Qrr'~~I~ spp. valve.
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gr~t'ttt'.a. Shapes taken from disarrictdated right valves.

VaA es oriented with hinge lines overlapping and horizontaL Beak region of mussel
valves indicated with "B".



Fig, 4. Postlarval hinge structure  right valves! of Dreissena spp.  A!, Mytilopsis
leucophaeata  B!, Rangia cuneata  C!, and Corbictda flumi nea  D!. Presence of
cardi nal  a = anterior, c= central, p = posterior! and lateral  l! teeth indicated.
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Potential for predator-mediated biological control
of the zebra mussel in the Hudson River estuary
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Abstract

Predation controls community structure in aquatic systems. The success of
introduced species like the zebra mussel, DreUsena polymorpha, is due in part to
ineffective predators in the newly colonized systems. We quantified distribution,
abundance, and mortality rates of a D. polymorpha population in the middle portion of the
Hudson River Estuary, New York, Rocks were collected along a depth gradient in the
field, and were sampled for density and size structure of the resident mussels. Ptedator
exclusion experiments with rocks harboring a known number of D. polymorpha were used
to estimate natural mortality. In addition, we conducted manipulative field experiments to
test the effectiveness of the blue crab, Callinectes sapidus, at consuming zebra mussels by
presenting similar rocks to crabs in field enclosures, Field sampling in the months of June,
July and August indicated a dense  -30,000 m 2! population composed of a single cohort
of I+ year class mussels. Mussel density increased dramatically with depth less than two
meters below the spring-low-tide mark. In cage experiments, C. sapid' caused inortality
rates an order of magnitude higher than those measured for the local predator guild, which
was primarily composed of finfish. Consumption of zebra mussels by pumpkinseed,
Lepomis gibbosus, was observed in the field on several occasions. Although blue crabs
have the potential to limit zebra mussel abundance, at the present this is unlikely in the
Hudson River Estuary due to the low ttatural abundance of the predator within the system.
However, high predation rates of D, pojymorpha by C. sapidus in this estuarine habitat
indicate that the blue crab is capable of regulating the zebra mussel in habitats where the
blue crab is abundant.
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INTRODUCTION
In aquatic systems, predation regulates community structure and the dynainics of

benthic species  Peterson 1979, Paine 1980!, Predator-prey interactions in these systems
are particularly complex and may be relatively stable because they are dominated by guilds
of generalist predators capable of switching among diverse prey  Peterson 1979, Hines et
al. 1990!. Such generalist predators are not coupled to their benthic prey, and therefore are
capable of controlling the dynamics of these species without being dependent upon any
single species for their own persistence, Such features might characterize the predator-prey
interactions between the zebra mussel, Dreissena polyrnorpha, and natural predators such
as the blue crab, Callinectes sapiChks, and finfish species, and thereby provide the requisite
conditions for predator-mediated control of D. polymorpha popuiation dynamics.

The zebra mussel initially invaded the Great Lakes in 1985, with the first reported
sighting in Lake St. Clair in 1988  Hebert et al. 1989!. D. polymorpha rapidly colonized
western Lake Erie, and now occurs in all the Great Lakes. The species was first
discovered in the Hudson River in 1991, and has since expanded to its salinity limit �-6
ppt! near Haverstraw, New York  Strayer et al, 1993!, The rapid colonization has been
facilitated by its high fecundity, a free-swimming larval stage, a fairly broad tolerance of
environmental conditions in temperate habitats, and the apparent lack of competitors and
predators  Hebert et al. 1991, Lemma 1991, MacIsaac et al. 1991, Strayer 1991!, As a
consequence, D, polymorpha occurs at densities exceeding 700,000 m 2, and has thereby
becoine a tnajor and costly nuisance  Cooley 1991, Griffiths et al. 1991!. Moreover, due
to its salinity tolerance, the zebra mussel is expected to colonize and expand into most
iVorth American waters, including the low salinity portions of estuaries such as Chesapeake
Bay  Bij de Vaate 1991, Strayer 1991, Strayer & Smith 1992!. Thus, the potential exists
fOr D. pOlymorptka tO beCOme a SeriOuS peSt thrOughOut NOrth Ameiiean waterS, unieSS
measures are discovered which effectively eradicate or regulate the zebra mussel in its
distribution and abundance.

In this investigation we quantified natural mortality rates of D. polymorpIka in the
field, and tested the hypothesis that predation by the blue crab, C, sapidus, may serve as an
effective biological control of the zebra mussel in the Hudson River estuary and potentially
in other North American estuaries. The blue crab, C. sapidus, is a large  males up to 227
mm carapace width  CW!! epibenthic omnivore occurring in various habitats aiong the
Northwest Atiantic Ocean, Gulf of Mexico and Caribbean Sea  Williams 1984!. Blue crabs
serve as both prey and consumers, and are abundant and actively foraging from late spring
through autumn in Chesapeake Bay  Hines et al. 1987, 1990!, The diet of Chesapeake
Bay blue crabs consists of bivalves, crabs  both blue crabs and xanthids!, fish and
polychaetes, and to a lesser extent amphipods and isopods  Hines et al. 1990, Mansour &
Lipcius 1991!. Blue crab ecology in the Hudson River has not been weil studied and
consequently the abundance and range of the animal within the system is not known,
PreviOuS reSearCh has shOwn that C. sapidkkS iS COinmOn in the freShWater and 1Ow Salinity
regions of the estuary in some years  Stein & Wilson 1991!.

We conducted a series of satnpling and field experiknents in Hudson River
freshwater habitats to determine limitations imposed by finfish and the blue crab upon zebra
mussel abundance and distribution. Further trials compared the effectiveness in
controlling zebra mussel abundance of the blue crab and the local predator guild  primarily
finfish species!. The specific objectives of the investigation included �! a description of
D. polymorpha abundance and distribution at the field site, �! measurement of natural
mortality of D. polymorpha and identification of likely finfish predators, and �! testing
the feasibility of biological control of D. polykkkorpha by C. sapidus and vertebrate species
in the Hudson River and other North American estuaries.
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STUDY AREA
Field experiments and sampling were conducted on the eastern shore of the Hudson

River in the Tivoli Bays Region of the Hudson River National Estuarine Research Reserve,
in New York State  Fig, 1!. The tidal freshwater habitat was approximately lgG km north
of the mouth of the estuary. In this region the benthic environment of the Hudson was
characterized by large stones and cobbles covering a steeply sloping bottom that reached
over 20 m depths in some areas. Underwater visibility was poor    3 meters! due to the
heavy sediment load in the river.

METHODS
Rocks were sampled from the Hudson River during June, July and August, 1993

using SCUBA to exainine the density and size structure of the zebra mussel. Tweezers
were used to remove individuals from randomly-placed 16 crn2 grids on the rocks,
Mussels were counted and their shell lengths ineasured using Vernier calipers. We also
conducted a series of five underwater transects to characterize the depth distribution of D.
polymorpha, Four randoin rock samples were collected using SCUBA along depth
profiles to determine density, awhile a circular grid was used to estimate percent coverage.
Samples were collected at increasing depth profiles until consecutive runs generate 100%
coverage.

The second component of the study involved manipulative field experiments, We
first measured niortality rates of D, polymorpha due to predation. Rocks with attached
mussels were collected froin the river and maintained in aquaria to insure healthy test
animals. These same stones were reintroduced into field enclosures with only 100
mussels remaining on each stone. Cages were constructed of 2,5 cm non-galvanized steel
mesh, and covered 1 m2 of substrate. Control treatments comprised fully-enclosed cages
protecting one rock with 100 pre-counted mussels. Whereas, experimental cages were
topless and open to predation. There were eight replicates of each treattnent, lasting 14
days after which the rocks were removed froin the cages and the surviving mussels
enumerated. Differences in proportional mortality of D. polymorpha between the two
experimental treatments were analyzed using ANOVA models with angularly transfortned
proportional mortality as the dependent variable and caged treatment as a fixed factor. Data
were examined for normality and tested for homogeneity of variances with an F-max test,

The final experiment utilized the same field enclosures and another set of pre-
counted mussels, In this trial all cages were closed and male blue crabs were introduced as
predators. Six cages contained stnall crabs �0-SO mm CW!, six cages contained large
crabs �10-130 mm CW!-, and six cages contained only rocks with pre-counted inussels,
After 72 h, crabs were removed and surviving mussels enumerated. Differences in
proportional tnortality of D polymorpha between the three treatments were analyzed using
ANOVA inodels with angularly transformed proportional mortality as the dependent
variable and caged treatment as a fixed factor. Data were examined for normality and tested
for homogeneity of variances with an F-max test.

RESULTS
Samples collected along depth transects beginning at the spring low tide mark

indicated a significant effect of depth  Table 1!, and a correlation of density with increasing
depth  Fig. 2!, A Scheffe's test of the mean densities indicated that abundance at the
shallowest transect �.26 in! was significantly less than the four deeper transects
 Crit. value = 1.329!. Densities of D, polymorpha in the Tivoli samples averaged 30,000
m 2. Size frequency distributions  Fig. 3! revealed a single cohort with no individuals
exceeding 20 inm shell length. Mean shell length increased 24% over the three month
period covered by the study.

491



Mean zebra mussel mortality in the first manipulative experiment was significantly
greater  Table 2! in the experimental treatments  Fig, 4!. Predators consumed a mean of
24% of the attached D. polymorpha in the open cages. Mussels in the cage controls
suffered less than 10% mortality over the two-week period.

The introduction of male blue crabs produced higher mortality rates in the second
field experiment. Large blue crabs consumed nearly 50% of the prey in the 72 h trials  Fig.
5!. Although the effect of crabs was highly significant  Table 3!, mussel mortalities did not
differ significantly between large and small crab treatinents  Scheffe's test, Crit. value =
.169!.

DISCUSSION
Size-frequency distributions of D. polymorpha in the Hudson River indicated that

the population was composed a single cohort spawned the previous year  Jenner and
Janssen-Moinmen, 1993!. Given the planktonic larval stage of the mussel, the likely
parental population was several kilometers upriver of the Tivoli Bays site. The depth
distribution of increasing density with depth was consistent with the hypothesis that
physical factors  e,g., desiccation, ice scour! rather than predation, restrict the upper limit
of the vertical abundance of D. polymorpha in the Hudson River estuary,

D. polymorpha in European lakes and large rivers occurs at densities near 3000
mussels m 2  Bij deVaate 1991!. Yet in North America, the densities are larger by one or
two orders of magnitude. The densities reported here  -30,000 musseis m-2! are well
within the ranges observed in North American waters  Dermott k, Munawar 1994!.
Success of the zebra mussel in North America can be attributed at least in part to the lack of
effective natural predators. In Europe, mussels are preyed upon by eels  de Nie 1982!,
fish  Daoulas 8c Economidis 1984!, and ducks  Draulans 1984!. These consumers have
likely kept zebra mussei populations in check, and thereby prevented them from becoming
an ecological nuisance.

A lack of strong predation pressure was evident in our field experiment using
predator-exclusion cages, Subtracting control mortalities from those in the experimental
treatments resulted in 14% mortality over two weeks. Mortality observed in the controls of
both field experiments  approximately 10%! was a~buted to handling-related mortality
associated with the transport and manipulation of mussels in and out of the field, and was
similar over the two experimental time periods � and 14-day trials!. The only natural
predation observed was by several pumpkinseed fish, Leporriis gibbosus, over three
separate dives. Pumpkinseed have well-developed molariform teeth capable of cracking
mollusk shells  French 1993!,

Recently it has been suggested that the blue crab might be the kind of voracious
predator that could control the explosive growth of the zebra mussel. The blue crab
inhabits estuarine systems through the freshwater reaches  DeFur et al. 1987!, and is
capable of controlling the dynamics of bivalves  Lipcius k Hines 1986!. The results of our
crab predation experiment provided support for the hypothesis that blue crabs can be more
effective in reducing zebra mussel abundance than local finfish or invertebrate predators.
D, polyinorpha mortality rates caused by C. sapidus were nearly twice those caused by the
local predator guild in only 20% of the time.

Unfortunately, blue crab densities in the Hudson River system are relatively low,
varying low to moderate densities capable of supporting a small coininercial fishery, but
too low to regulate D. poiymorpha, In our study no crabs were caught in several baited
traps and local fishermen indicated that there were few blue crabs in the middle portion of
the Hudson River that summer. Our experimental crab densities  I m 2! are comparable to
those observed in Chesapeake Bay  Orth and van Montfrans 1987!.
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Figure 1. Map of the Hudson River estuary showing the location of the Ti voi Bays
National Estuarine Research Reserve,
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Table l. ANOVA table for mean mussel density along fi ve depth
transects in the Tivoli Bays region of the Hudson River.

DF Sutn of S uarcs

Figure 2. Depth distribution of mean zebra mussel density
 + I std. error! in the Tivoli Bays region of the
Hudson River.
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Figure 3, Size frequency distributions of the zebra rnusseiin the
Tivoli Bays region of the Hudson River,
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Table 2. AjVOVA table for mean proportional mortality nf zebra mussels outplanted
at 100 mussels per rock in open and closed cage treatments in the Tivoli
Bays region of the Hudson River.

DF Sum of S uares Mean S uare F-Value P-Value
Tteatmettt 1 ,087 .087 13.425 .0026
Residual 14 .091 ,006

Figure 4. Mean proportional mortality of zebra mussels outplanted at 100 mussels
per rock in open and closed cage treatments in the Tivoli Bays region
of the Hudson River.
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Table 3. ANOVA table for mean proportional mortality of zebra mussels outpkvnted
at l00 mussels per rock in large and small crab treatments in the Tivoli Bays
region of the Hudson River,

Treatment 2

Residual 15
. 224 19.205  .000

.012

,449

.175

Figure 5, Mean proporitonal mortality of zebra rnussels  + 1 std. error! outplanted
at 100 mussels per rock in control, large, and small crab treatments in
the Tivoli Bays region of the Hudson River.
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In contrast, C. sapidus was common in the middle region of the Hudson River in
the summer of 1992. During this time a major decline in the abundance of adult zebra
rnussels was observed near Catskill, New York  D.P. Molloy, pers. comm.!. The initial
densities of D. polymorpha were lower than those recorded in our study.

In conclusion, D. polymorpha is unlikely to be regulated by the local predator guild
in the Hudson River, unless the predator abundance increases significantly. In particular,
the blue crab is capable of controlling zebra mussel abundance if the predator abundance
increases to levels approximating 0.01 -1.0 in 2, depending on crab size. Such densities
are common in other estuaries such as Chesapeake Bay, and indicate the likelihood that the
zebra mussel will be regulated in estuaries near the southern limit of the range of the zebra
mussel.
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INTRODUCTION

The "zebra mussel", Dreissena polymorpha, has been a major macrofouling aquatic
pest bivalve in Europe for over 200 years. It was introduced to North America in
1986, originally being released near the Lake St. Clair - Detroit River region. It is
believed that larvae were released with ballast water or that adults escaped anchor
chains on ships arriving from Europe  Hebcrt et al., 1989; Mackie er al., 1989;
McMahon er al., 1993!. Since its introduction, mussels have spread throughout Lakes
Erie, Ontario, Michigan, Oneida, the Finger Lakes, and the Erie-Barge Canal, and thc
St. Lawrence, Hudson, Oswego, Illinois, Mississippi, Lower Ohio, Lower Tenncssce,
Lower Arkansas and Lower Cumberland Rivers  Zebra Mussel Information
Clearinghouse, 1993!. Zebra mussels are spreading rapidly throughout U.S. inland
waterways through dispersal of adults attached to barge hulls by byssal thread
holdfasts and downstream transport of planktonic veliger larvae  McMahon, 1992!.
Isolated populations now extend downstream in the Lower Mississippi River to New
Orleans, Louisiana  Zebra Mussel Information Clearinghouse, 1993!.

Musscls utilize proteinaccous byssal threads to attach to natural hard substrata such as
rocks, wood and macrophytic plants and man-madc structures such as metal piping,
steel, nylon, fiberglass and wood where they can form encrusting mats many shells
thick � - IZ in!  McMahon, 1990!. Because of its capacity for macrofouling, thc
zebra mussel has had major detrimental impacts on recreational boating and
commercial shipping as weII as on raw water using industries, potable water treatment
plants and electric power stations which draw from water sources infested with
mussels. Presently, the main control technologies for zebra mussel macrofouling
center an molluscicides such as chlorine, chlorine dioxide, bromine, ozone, aromatic
hydrocarbon compounds and quaternary ammonium compounds  McMahon, 1990!.
However, federal and state regulations for usc of molluscicides are likely to become
increasingly restrictive in the future. With the advent of nearly every raw water using
facility on the major waterways of thc Mississippi Drainage having to apply
moUuscicides to control' zebra mussel fouling, use of molluscicides is likely to become
even further restricted in order to prevent water quality degradation and maintain
drinking water standards  McMahen er al., 1993!. Therefore, there has been a high
priority placed on the development of reliable, cost-effective, environmentally
acceptable, nonchemical means of zebra mussel macrofouling control.

Phytoplankton food resources can vary during the year exposing musscls to prolonged
periods of starvation in the winter when algal concentrations are minimal and in the
summer when inedible dinoflagellates dominate the plankton or during the algal
productivity collapse following the erst plankton bloom  Sprung and Borcherding,
1991!. A search of the available literature revealed that while there have been several
investigations of loss of gonadal and digestive tissues during starvation in zebra
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mussels, there have been few published studies on the effects of prolonged starvation
 Sprung and Borcherding, 1991; Bielefeld, 1991!. Loss in wet and dry weight during
starvation in the intertidal snail, Mortua granulara  Duclos!, was mainly due to
utilization of body organic constituents during extended periods without feeding to
provide energy to maintain metabolic functions  Devi er al., 1985!. Similar tolerance
of cxtcnsive loss of body tissue has been reported for the freshwater pulmonate snail,
Plarrorbella rrivolvis  Russell-Hunter and Eversole, 1976!. With the exception of that
for the freshwater unionid bivalve, Lamellidens marginalis  Masthanarnrna er al.,
1984!, there have been no studies of overall body tissue weight loss in D. polyrrrorpha
or any other marine or freshwater bivalve species nor have temperature effects on
starvation rates been investigated. In order to add to the data base on starvation
effects in zebra mussels and bivalves in general, this study was designed to examine
the effects of temperature on whole body dry tissue mass and shell mass in zebra
mussels subjected to prolonged starvation over a wide temperature range.

MATERIALS AND METHODS

Specimens of D. polymorpha were collected from the guide wall of the U.S. Corps of
Engineers, Black Rock Navigation Lock on the Niagara River just downstream from
Lake Erie, Buffalo, New York. Mussels were fiown overnight to Texas emersed on
moist paper toweling in cooled insulated containers. On arrival they were maintained
at 5'C in a 284 1 refrigerated 'Living Stream' holding tank for 60 days until utilized
in the experiment. As will be detailed in the Results section of this paper, holding
mussels at 5'C prior to experimentation greatly supprcsscs metabolic rate, making
tissue loss negligible over the 60 day pre-experimental holding period.

A sample of mussels was rcrnoved from the 5'C holding tank on June 15, 1993 and
720 individuals  shell length 15 mm - 26 rum! werc carefully separated from byssally
bound mussel clusters using a scalpel to cut threads. Separated individuals were
rinsed free of silt and organic debris accumulated on the shells by placing them in a
sieve  opening 4.0 mm! and running dechlorinated tap water over them at holding
room temperature �5'C!. Three subsamples of 210 animals each were selected at
random from the cleaned and separated rnussels. They were placed in three 13 1
plastic holding tanks that were filled with dechlorinated, City of Arlington tap water.
The tanks were held at a constant temperature in either an incubator at 25'C, a cold
room at 15'C or a refrigerated water bath at 5'C. These subsamples were utilized to
determine shell and tissue biomass variation over the course of starvation. A further
three subsamples of 30 mussels each were placed in 9 cm diameter by 5 cm high glass
crystallization dishes covered with a 1 mm mesh nylon screen to prevent mussel
escape. Gne of these, smaller subsarrrples was placed in each of the 13 1 experimental
holding tanks and was assessed daily for survivorship. All mussels were maintained
without food at the three holding temperatures for the duration of the experiment.
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Tanks were inspected daily. Any dead mussels  from either subsample! were
immediately removed to prevent contamination. Tanks were held in low light
conditions to slow bacterial and algal growth. Water in each tank was aerated and
changed three times weekly. Water temperature was taken daily using a standard
mercury thermometer  t .1'C! and adjusted as needed.

A control sample of 10 mussels was removed from the larger subsample of 210
individuals from each tank on day zero. Initially, subsequent samples of 10 mussels
were collected twice a week Rom mussels held at 25'C, once a week from those held
at 15'C and once every two weeks &om those held at 5'C. As the experiment
progressed and it became clear that mussels tolerated starvation for much more
extended periods than irutially predicted, the duration between samples was extended
for up to 30 days in order to avow'determination of tissue loss throughout the
tolerated period of starvation.

A number of parameters were determined for sampled mussels. These included sheU
length  SL! measured with a dial caliper to the nearest 0,1 rnm, and dry tissue and dry
shell weight measured to the nearest 0.0001 g. To determine dry tissue  DTW! and
dry shell weights  DSW!, sampled specimens were frozen for appmxirnately 24 h.
Freezing allowed tissues to be more completely excised horn the shells with a scalpel
than could be achieved with wet tissues at room temperatures. Excised tissues were
defrosted on paper towels allowing absorption of extracorporal mantel cavity water.
Separated wet tissues and shells were dried to constant weight for 24-26 h at 65'C.

Mortality was determined daily in the smaQer subsarnples  n = 30! of mussels. The
glass crystallization dishes containing these samples were removed from the holding
tanks and the nylon screen removed. Mussels stayed submerged in the media
remaining within the crystalization dishes while their viability was determinecL All
mussels widely gaping the valves and unresponsive to strong stimulation of exposed
siphon and mantle tissues with the tip of a blunted dissection needle  i.e., did not close
the valves! were considered dead and removed from the sample.

RESULTS

A 100% sample mortality was achieved in mussels at 25'C after 166 days of
starvation. In contrast, no mortality had occurred in mussels starved at either 5'C or
15'C at the time this paper was written after 229 days of starvation. Estimated by
probit analysis  Bliss, 1936!, the LT~ value  estimated titne for 50% sample mortality!
for the 25'C mussel sample was 118 days and the LT,~  estimated time for near 100%
sample mortality!, 143 days.
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indicates a significant correlation or effect at P s 0.05.
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Multiple Least Squares Linear Regression analysis indicated that 61% of the total
variation in the natural logarithm  ln! of DTW was explained by correlation with days
of starvation, test temperature and individual shell length. An extremely high
correlation of ln DTW with test temperature  P   0.00001! suggested little or no tank
effects on DTW during starvation allowing subsequent statistical analyses to utilize
individual mussels as thc experimental unit.

Multiple Factor Analysis of Variance was carried out on the mean natural
logarithmically transforined values of DTW among temperature treatments with SL
and days of starvation as covariants. The analysis indicated a strong positive
correlation of ln DTW with SL and strong negative correlation with days of starvation
 P   0.00001!  Table 1!. Holding temperature significantly affected DTW  F  
0.00001!. A Student Newman-Keuls Multiple Range Test revealed that mussels held
at thc three test temperatures aII had mean dry tissue weights that werc significantly  P
  0.05! different from those held in the other temperature treatments with mussels held
at 25'C having the lowest DTW and those held at 5'C, the highest  Table 1!.

A similar Multiple Factor Analysis of Variance revealed no significant cffccts of
holding temperature on the ln DSW of starving mussels  P = 0.236! and no correlation
with days of starvation  P = 0.310! while, as expected, there remained a strong
correlation of ln DSW with SL  F = 648, P   0.00001!.

For each sequential subsaxnplc of living mussels, a least squares semi-logarithmic
linear regression of ln DTW or ln DSW versus SL was deterxnined. The vast majority
of these regressions were significant  P < 0.05! for all samples ainong all test
tetnperatuxe groups. In a fcw cases, limited size ranges of samples lead to
insignificant regressions, P ! 0.05. The average SL of all individuals in all samples
from all thxee test temperatuxes was approximately 20 mm The regression of ln DTW
versus SL for individuals sampled on day zero Qom the three test temperature control
groups  g DTW = -6.837 + 0.145  mm SL!: n = 30, r = 0.819, F = 57.2, P =
<0.00001! was used to estimate DTW of a mussel with an average SL of 20 mm as
19.7 mg.

The individual SL versus In DTW or ln DSW regressions for each sample wexe then
utilized to estimate the DSW and DTW for an average size, standard 20 min SL
mussel. The estimated DSW or DTW of a standard mussel determined from each
sarnplc regression was then fitted to a least squares linear regression as the dependent
variable versus time in days of starvation as the independent variable  Table 2!. These
regressions revealed that there was no significant shell weight loss  P �.05! among
zebra mussels held at 5'C after 229 days of starvation or at H'C over 132 days of
starvation. However, individuals held at 15'C displayed a significant trend  F   0.05!
toward increasing DSW over the 229 day period of starvation  Fig. 1, Table 2!.
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Figurc 1. Dry shell weight  DSW in mg, vertical axis! versus days of starvan'on
 horizontal axis! in an averaged sized zebra mussel  Dreissena polymorpha!  shell
length = 20 mm!. DSW values were estimated from regressions of ln DSW versus SL
computed for samples of starving mussels taken sequennally over the period of
starvation. Circles are the DSW of mussels held at 25'C, triangles, of mussels held at
15 C and squares, of mussels held at 5'C. The dashed line represents a si gnificant
linear regression relating DSW to days of starvanon at 15'C. No sigruficant
correlation was recorded at 5' or 25'C, Regression parameters are recorded
in Table 2.

In contrast, regressions relating the DTW of a standard 20 mm SL mussel to days of
starvation indicated a significant reduction in dry tissue weight  P < 0.05! at all three
test temperatures. The slopes of these regressions indicated that mussels starving at
25'C lost tissue mass 2.7 times faster than did mussels at 15'C and 5 times faster than
did mussels at 5'C. DTW loss at 15'C was 1.9 times greater than that of mussels at
5'C  Fig. 2, Table 2!.

The tegtessions of DTW versus days of starvation  Table 2! were utilized to estimate
the dry tissue mass lost over the period of starvation. After 132 days, mussels at 25'C
lost 73.8% of dry tissue body mass just prior to death. For mussels held 229 days at
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Figure 2. Dry tissue weight  DTW in mg, vertical axis! versus days of starvation
 horizontal axis! in an averaged sized zebra mussel  Dreissena polymorpha!  shell
length = 20 mm!. DTW values were estimated from regressions of ln DTW versus SL
computed for samples of starving mussels taken sequentially over the period of
starvation. Circles are the DTW of mussels held at 25'C, triangles, of mussels held at
15'C and squares, of mussels held at 5 C. The solid line represents a significant
linear regression relating DTW to days of starvation in mussels held at 25'C, the
finely dashed line, held at l5'C and the coarsely dashed line, held at 5'C. Regression
parameters are recorded in Table 2.

5 C and 15'C, dry tissue mass loss was 22.9% and 46.9%, respectively, and had not
reached lethal levels at the time this paper was written. Based on an estimate that
zebra mussel tissue is approximately 50% protein and 50% carbohydrate, 911 pl 0,
would be required for complete aerobic oxidation of one milligram of dry mussel flesh
 Hi11 and Wyse, 1989!. Utilizing this estimate, the oxygen uptake rate of an average
20 mm SL, 19.7 mg DTW mussel starving for 132 days at 25'C was estimated to be
3.86 pl O~-animal '-h' or 0.196 pl Q,-mg DTW'-h'  Table 3!. This oxygen
uptake rate during starvation was approximately 22.1% that of a fed 20 mm SL mussel
at 25 C  J.E. Alexander and R.F. McMahon, unpublished results!. Similar values for
zebra mussels starving for 229 days at 15'C and 5'C were estimated to be 1.64 pl
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O,-animal�'-h' or 0.0837 pl 07 mg' h' and 0.786 pl O,-animal'-h' or 0.0399 pl
O,-mg ' h ', respectively, or 13.5% and 8.5% of the oxygen consumption rates of
similarly sized fed mussels  Alexander and McMahon, unpublished results!  Table 3!,

DISCUSSION

Zebra rnussels appear to be extremely tolerant of starvation, with a mean tolerance
time of 125.9 days  S.D. = M9.6! at 2S'C corresponding to an LT~ of 118 days and
an LT,~ of 143 days. Mussels held at 5' and 15 C have survived greater than 229
days without mortality. At 25'C, mussels tolerated a loss of approximately 75% of
their dry tissue biomass before dying. Under conditions close to that of over-
wintering, a 50% reduction in tissue biomass of the freshwater snail, Planorbella
trivolvis, was observed to occur over 132 days of starvation with only a 10% xMetality
 Russell-Hunter and Eversole, 1976!. The freshwater bivalve Corbicxda fluminea and
the unidentified dark species of Corbicxda  Corbicula sp.! survived 154 days of
starvation at room temperature �2-24'C! under holding conditions similar to those
that we used for zebra mussels  Cleland ex al., 1986!. Specixnens of both species of
Corbicxda tolerated an approximately 7S% loss of their dry tissue biomass  Cleland
and McMahon, unpublished results!, data very similar to that reported here for D.
polymorpha. If approximately 75% of dry tissue weight loss is required to induce
death in starving zebra mussels, the regression equations relating the decxease in DTW
of a standard 20 mm SL zebra mussel during prolonged starvation  Table 2! can be
utilized to estimate that mussels starving at 5'C will require 750 days to attain a lethal
75% tissue loss while those at 15'C will require 365 days. When this method of
estimating lethality was applied to xnussels held at 25 C, the resulting value of 133
days was extremely close to the actual recorded mean tixne to death of 12S.9 days.

The effects of prolonged starvation on shell biomass in D. polymorpha were mixed.
Shell weight did not change significantly over the entire tolerated 132 day period of
starvation in mussels held at 25'C or in rnussels starved at 5 C for 229 days. In
contrast, a sxnall, but significant increase in DSW was recorded in mussels starved for
229 days at 15'C  Table 2, Figure 2!. Mere is a paucity of published results on the
effects of starvation on shell biomass in molluscs. A significant loss in dry shell
weight was observed after 130 days starvation in the freshwater unionid mussel,
Lamellidens marginalis  Masthanamma et al., 1984!. In this species, it was suggested
that orgaxnc  primarily proteinaceous! shell components were being reabsorbed to
maintain tissue metabolic demands no longer supported by assimilation of organic
nutrients across the gut wall  Masthanamma ex al., 1984!. The incxease in sheH
biomass in starving mussels at 15'C may be a result of starvation induced inhibition of
secretion of new shell material at the edge of the shell thus, slowing or preventing
increase in shell length while continued mantle secretion of new nacre to the inside of
the shell allowed thickening of the shell and a corresponding increase in shell bioinass.
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McMahon and Whitehead �987! demonstrated a similar increase in shell thickness
and biomass in naturally slow growing populations  due to reduced food availability!
of the European freshwater, pulmonate, limpet snail, Ancylus fluviatilis. At 25'C,
rnussels may not have survived long enough to secrete detectable amounts of new
nacre to thc inside surface of the shell. At 5'C, significant amounts of new nacre may
not have been secreted by the end of the 229 day starvation period due to the greatly
reduced metabolic rate at this temperature  Table 3!.

Starving mussels displayed an approxitnate 75% loss of DTW over the tolerated 132
day period of starvation at 25'C, suggesting that they were extensively metabolizing
tissue organic energy stores. Similarly, tissue losses of 22.9% and 46.9% were
recorded in mussels starving at 5' and 15'C, respectively. The estimated 4.5, 7.4 and
11.8 fold reductions in oxygen uptake rates in starving zebra mussels at 25', 15 and
5'C, respectively  Table 3!, suggest that, during starvation, metabolic rates are
suppressed to conserve energy stores and prolong thc tolerated period of starvation. A
similar 4 fold inhibition of 0, uptake rate has been reported for starving marine blue
mussels, Mytilus edulis L.  Bayne, 1973!. However, other mollusc species, including
L. marginalis  Masthanamtna er al., 1984! and the marine gastropod, Thais lame losa
 Stickle and Duerr, 1970! either maintain a constant metabolic rate at pre-starvation
levels or display an increased metabolic rate during starvation. Clearly, lack of
capacity to suppress metabolic demand during periods of low or no food availability
would act to greatly reduce the tolerated period of starvation. The apparent capacity
for zebra mussels and blue mussels to greatly suppress metabolic demands when
starved, thus, appears to be an evolved adaption that allows survival of extended
periods of low food availability by reducing the rate of organic energy store
utilization.

Of interest, is the apparent capacity of D. polymorpha to sustain increasingly greater
reductions in metabolic rate at lower ambient temperatures. Thus, starving mussels
held at 5'C werc able to reduce estimated metabolic demand by a 2.6 fold greater
extent than could individuals held at 25'C  Table 3!. The extremely, low metabolic
and tissue biomass loss rates of starving zebra mussels at low temperatures  < 5'C! are
almost certainly an adaptation that allows this species to survive long winter periods
without feeding while stiQ retaining the vast majority of its cellular organic energy
stores for support of reproductive effort as tetnperatures rise above the spawning
threshold in spring. Thc very reduced metabolic rates and tissue biomass loss rates of
mussels starving at 5 C also strongly suggest that storage of zebra mussels for periods
of up to six months at 5'C in well aerated water without feeding will have minimal
impact on physiological condition when mussels are later used in experimentation at
higher temperattues  McMahon et al., 1992!.
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The apparent ability of zebra mussels to suppress metabolic rate, allowing tolerance of
greatly extended periods of starvation even at relatively high ambient water
temperatures, makes mitigation of zebra mussel macrofouling by filtration or other
means of removal of the tnussel's planktonic algal food sources from intake water
appear generally impractical. Mitigation by starvation would have to involve
utilization of alternative sources of ~ater such as well water or tteated, filtered tap
water in an infested raw water system for extremely long periods. The algal and
bacterial food of zebra mussels is far too small    10 pin in diameter! to be efficiently
mechanically filtered from intake water. However, if a zebra mussel infested raw
water system such as a fire pmtection system was switched to an alternative tap or
well water source for make-up water, the long period required for mortality by
starving rnussels may be of some advantage. The prolonged period over which
starving mussels would die could prevent sudden downstream fouling of small
diameter components by massive release of dead mussel shells within the system as
could occur with more rapidly acting mitigation technologies  i.e., thermal or
molluscicide treatments!. Mortality over a long period in such systems could allow
relatively easy removal of shells by periodic system flushing.
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ABSTRACT: Between June and August, 1993, adult Dreissena polymorpha and
Dreissena bugensis were collected from well-established populations at two sites along
the international section of the St. Lawrence River. The mussels were taken to the

laboratory for exhaustive examination for parasites by gross pathological and
histological techniques. Seventy percent of the D. polymorpha at the site near
Massena, New York were infested by the naidid oligochaete annelid, Chaerogaster
limnaei, and 61% were infested by various nematode species. Both nematodes and C.
limnael also occurred in D. bugensis at the Cape Vincent, New York site. Other
parasites that were found in smaller numbers �% of mussels or less! were a
hydracarinid rnite larva, larvae of the chironomid midge Pararanyrarsus sp., the naidid
oligochaete Ophidonais serpenrina and other unidentified naidids. Each of these was
found only at the site near Massena. The only parasites that showed any evidence of
pathology were C. limnaei, 1 of which was feeding on oocytes in the ovary of a female
D. polymorpha. All other parasites were found only in the mantle cavity. Temporal
patterns of prevalence and intensity showed a maximum for C. limnaei on 13 July and
for nematodes on 3 August. This study demonstrated that some native North American
animals normally associated symbiotically with native moHuscs have adapted quickly to
zebra mussels and quagga mussels as new hosts.
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Introduction

Parasitic animals, including various worms and arthropods, are common
associates of virtually all molluscs, including zebra mussels, Dreissena polymorpha
 Davids and Kraak, 1993!. However, these parasitize only adult mussels. Thus,
because only veligers were brought to North America from Europe, none of the
mussels' parasites were introduced with them. The resulting introduced mussel
populations have been able to live free from parasites. Many potential native parasites
may be pathogenic and exert some level of natural biological control, whereas others
that parasitize native wildlife might become more widespread by using zebra rnussels as
intermediate hosts. The present study was conducted to determine the extent to which
native North American parasitic animals have been successful in utilizing zebra mussels
as hosts in two localities on the St. Lawrence River where the mussel colonies are well
established.

Materials and Methods

Between 29 June and 3 August 1993 six weekly collections of zebra mussels, D.
polymorpha were made by scraping adults from submerged steel support columns near
the St. Lawrence River Seaway's Snell Lock between Massena., New York and
Cornwall, Ontario. This dense population had been well established for 3 years prior
to this study. No quagga mussels, D. bugensis, occurred at this site. Mussels were
collected using a hand-held scraping basket extended to a depth of 1 5 m.

On 9 July and 30 July zebra rnussels, D. polymorpha, and quagga mussels,
Dreissena bugensis, were collected from unionids, rocks, logs and other substrates
dredged from a depth of 10-12 m in the St. Lawrence River at Cape Vincent, New
York. These populations, near where the St. Lawrence flows from lake Ontario, had
been well established for 2 years prior to this study.

Upon tranfer to the laboratory, all organs of the mantle cavity and visceral mass
of each mussel were examined carefully under a dissecting microscope for the presence
of parasites. After counting the. parasites and noting their location, representative
specimens were fixed in situ for examination of potential histopathology. Others were
reinoved from the host and photographed alive or fixed for staining.

Results

nil k M n ll tin

Of 151 D. polymorpha examined from Massena, 108 �2%! harbored at least
one worm. By far the most common were naidid oligochaete annelids, Chaerogasrer
lirnnaei, which occurred in 76 �0%! of the mussels The mean number of C. lirnnaei
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per infested mussel was 3.20  range = 1-18!. More males �6%! were infested than
females �3%!, but females harbored a higher number of worms per host {3.19! than
did males �.38!. The vast majority of C. limnaei inhabited the mantle cavity of their
hosts, frequently occurring between the gill lamellae. Gross and histological
examination showed only slight evidence of pathology in this location. However, one
C. limrraei was found inside the ovary of a mussel and had caused appreciable damage
by feeding on the host's oocytes and gonadal tissues.

The next most commonly encountered worms were juvenile and adult
nematodes. At least four species were encountered; these were not identified, but one
belonged to the genus Morronchus and another was a dorylaimid. Sixty-one �0%! of
the mussels harbored nematodes. The mean number per infested mussel was 2.84
 range = 1-10!. Unlike the situation with C. limnaei, fewer males �3%! were infested
than females �4%!, but males and females harbored a similar number of nematodes
per infested host {2.71 and 2,81, respectively!.

Figure 1 shows temporal trends in the prevalence  i.e., percentage of rnussels
infested! of C. limnaei and nematodes throughout the study period, whereas Figure 2
shows temporal trends in the intensity of infections  i.e., mean number of worms per
infested mussel!.

Low numbers of mussels harbored other parasites. Eight �%! of the rnussels
harbored naidid oligochaetes other than C. lirrinaei. Two of these were Ophidonais
serpenrina, but the others were identified only to the family level. Only one mussel
harbored a hydracarinid  water mite! larva in the mantle cavity, but many rnussels had
hydracarinid egg masses glued to their shells. Larvae of the chironomid fly,
ParatanyrarSuS Sp., were fOund in the mantle CavitieS Of twO rnuSSel. NO muSSelS
were found to be naturally infested by echinostomatid metacercariae or other
trematodes.

Of 30 D. polymorpha examined from Cape Vincent  none {0%! harbored C.
limnaei, but 8 {27%! were-infested by nematodes. Of 15 D, bugensis examined from
Cape Vincent, 1 �%! harbored a single C. limnaei and 3 �0%! were infested by
nematodes. No other parasites were found at this site.

DisetIssion

Chaetogasrer lirrrnaei is known to be a commensal or parasite in several North
American and European species of aquatic snails and bivalves {Barbour, 1977; Gale,
1973!, However, this is the first report of its occurrence in Oreisserra on either
continent. It is also the first report of the ingestion of host gametes by this species.
Because this organism appeared to be commensalistic in most of the mussels, it cannot
be expected to inflict high mortality. However, some reduction of the mussels'
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Figure 1

Temporal Trends in Dreissena Parasites
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Figure 2
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reproductive potential could result from damage to the gonads, Further work is needed
to ascertain the degree to which this occurs. Both prevalence  Fig. 1! and intensity
 Fig. 2! of C.  imnaei infestation peaked on 13 July, and overall prevalence and
intensity patterns for this species were positively correlated  r = 0.8252, P = 0.0432!.
Future studies should examine the relationship between these population patterns with
those of other native molluscs that serve as hosts for C. limnaei.

Both prevalence  Fig. 1! and intensity  Fig. 2! of infestation by nematodes rose
steadily through the study period, reaching a maximum on 3 August, the last collection
day. Because these sample included several nematode species, these data reveal
nothing definitive about the population patterns of any particular nematode. Further
studies in which species identities are known should be a priority in the future.
Nematodes are ubiquitous in virtually all habitats around the worM. Many are free
living  Poinar, 1991!, but many others are parasitic or comrnensalistic in nearly all
species of animals and many plants. lt is not known which of these categories includes
the species observed in the present study. Most of those seen appeared not to be
pathogenic to the inussel. However, because of their high prevalence and intensity of
infestation in the mussels, further research on them is warranted.

Results from Cape Vincent are of limited value inasmuch as the sample size was
small. However, they do demonstrate that D. bugensis, which did not occur at
Massena, also can serve as a host for both nernatodes and C. limnaei. A comparison of
infestations of D. polymorpha at the 2 sites  Fig. 3! showed that there is a highly
significant difference between the 2 sites with respect to C. limnaei infestation  Chi-
square = 17.766; P   0.0001!. However, there is no significant difference with
respect to nematode infestation  Chi-square = 0.3042; P = 0.5813!. These results
should be interpreted with extreme caution, however, because the 2 sites differed in
depth, substrate type, collection method and many other parameters. Furthermore,
there was not discrimination among the several nematode species present, and it is not
known whether the species composition between the 2 sites differed. The results do
suggest, however, that further studies should explore differences in parasite/host
patterns among various localities and habitats.

Larvae of the midge, Paratanytarsus sp., have been reported as cominensals in
both D. polymorpha and D. bugensis in the St. Lawrence River at points downstream
from the present study  Ricciardi, 1994!. Chironomid larvae are ainong the most
common benthic animals in freshwater systems around the world, but most species are
free living  Coffman and Ferrington, 1984!. Hydracarinids are known to be common
parasites of native unionids  Smith and Cook, 1991!, and the presence of their egg
cases on the shells of living dreissenids in the present study suggests a potential for
transmission to the dreissenids. The reasons for their failure to infest dreissenids in the
present study are not clear.

Conn and Conn �993! reported experimental infestation of zebra mussels by the
metacarcarial stages of a native echinostomatid fluke. ln their report, only 5% of the
experimentally exposed mussels became infested. The absence of echinostomatids from
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Figure 3

Prevalence of Zebra Mussel Parasites at
Two Sites on the St. Lawrence River
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any of the mussels in the present study, combined with the fact that echinostomatids
have never been reported from Dreissena spp. in Europe, might suggest that such
infestations are rare in natural populations. However, other trematode groups  in their
sporocyst and redial stages! have been reported from European dreissenid populations
 Chernogorenko, 1970! and are native parasites of North American molluscs  Schell,
1985!, but were absent in the present study. Thus, it may be that establishment of
trematode parasites in zebra rnussels is likely to occur eventually in some areas of
North America. Therefore, continued surveillance is warranted.

In summary, this study demonstrated that some native North American animals
normally associated symbiotically with native molluscs have adapted quickly to zebra
mussels. This basic finding may have important implications for biological control
and/or for changes in the epizootiology of parasites native to North America.
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Abstract

The Zebra mussel Dreissena polymorpha resembles a marine invertebrate, in its mode of
reproduction and dispersal, in its ability to exert strong controls on phytoplankton in the
water column, and in its strong keystone eFects on benthic cornrnunities. I discuss some

marine ecological perspectives that might enhance the study of the profound ecological
and evolutionary eAects of Zebra mussels. �! Systematics and Genetics. Studies of
tnarine invertebrates reveal several sibling species complexes, and these species oAen are
heterogeneous in reproductive ecology, uptake of toxic substances, and morphology.
Such heterogeneity may be important, both in the species that invaded from European
waters and in the possible speciation that may be occurring in North America. We also
should expect rapid evolution of life histories, morphology, and resistance to toxic
substances. �! Larval Transport and Recruitment. Planktonic larval dispersal must be
studied in the context of hydrodynamics. Water flushing and coastal processes may
strongly influence larval recruitment and dispersal patterns, and both recruitment and
physical flow structure must be studied to understand larval movements, �! Community
Interactions. Zebra mussels resemble marine mussels in their ability to smother other
epibenthos and the formation of dense mussel beds. Manipulative experiments will be
required to understand competitive interactions. Predators may exert strong effects on
Zebra mussel beds. �! Trophic Dynamics, Owing to their clearance rates and high
density, Zebra mussels strongly aQect the water column and may transfer large amounts
of organic particulates to the benthos. Purposeful introductions of Zebra mussels will aid
in our understanding of all of these processes.
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Introduction

The widespread invasion of North American fresh waters by the Zebra mussel, Dreissena
polymorpha, and by the Quagga mussel Dreissena bugensis  ?! will probably be among
the best understood ecological changes ever followed, if only because of the rapid
identification and location of the first appearance in the Great Lakes of North Ainerica
 Lake St. Clair, 1988, but the first appearance was probably in 1986 � Nalepa and
Schloesser 1993!, the intense study of the spread, and owing to the need for society to
evaluate the obvious negative impacts on a variety of structures in waterways and the
great impact upon the ecology of many freshwater lakes, rivers, and streams.

Other invertebrates, such as the Asiatic clam Carbicula jluininea, have invaded our fresh
waters before. But the Zebra mussel's ecological success, which is largely explained by
its planktotrophic larva and by its versatility, owing to generalized substrate preference
and mode of attachment by byssal threads, has upped the ecological ante, because it can
spread so tnuch more rapidly and it can effectively cover and smother so much more
bottom than any previous invaders.

The Zebra mussel's dispersal mode and habits are much like those of marine epibenthic
species, such as the blue mussel Mytilus ediilis. This raises the question: Is a marine
ecological and evolutionary perspective useful in understanding the potential ecological
itnpacts that the Zebra mussel will have on fresh water communities and the potential
evolutionary changes that might occur as this prolific species spreads throughout North
America? It is tny intent to sketch some possible benefits that might emerge from marine
ecological and evolutionary perspectives, though I doubt that they will point to ideas that
have completely failed to already touch the large and active community of Zebra mussel
research.

Systematics and Evo1tt tion-

Marine species, particularly those in the intertidal, are thought to have broad geographic
ranges, across oceans and continents. Similar thinking exists for many fresh water
species, such as the supposedly cosmopolitan oligochaete Limnodrilus hogmeisreri. In
recent years, several broad-ranging marine species have been found to consist of a series
of sibling species, distinguishable by larval and allozyme characters  Grassle and Grassle
1976, Varvio et al., 1988, Koehn 1991!. The mussel genus Myrilus was thought to consist
of M galloprovincialis within the Mediterranean and Iberian coasts and the much more
broadly ranging M edulis  see Seed 1978!. Allozyine markers suggest however, that a
third species, M trossulus, occurs in northern Atlantic and Pacific latitudes, and that M
galloprovincialr's may well occur on the California coast Sibling species of the
polychaete Capitella capirara complex have quite different larvae and potentials for
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population increase and spread  see Ecklebarger and Grassle 1987!. In fresh water,
Christian Sturmbauer  unpublished! has recently discovered differences between
supposed I imnodrilus ho~eisreri populations between Austrian and New York waters
that almost certainly signify species differences.

Such differences are also likely to be found for the wide ranging Zebra mussel. Recently,
a second closely related mussel has been found, which has been dubbed the Quagga
mussel. Other Eurasian species of Dreissena exist and it is possible that more have
invaded North America. Careful DNA and allozyme surveys may also identify other
sibling species within the North American Zebra mussel complex itself. If the Capitella
story  Ecklebarger and Grassle 1987! can be generalized, then a careful study will be
essential, since sibling species differ in larval morphology, dispersal, potential for
population increase, and even in responses to physiological factors and toxic substances.

We can divide the Zebra mussel invasion into a period of spread of the geographic range,
now underway, and a period of rapid population increase, with subsequent fluctuation and
gene exchange with adjacent populations. Studies using allozyrne markers demonstrate
local geographic heterogeneity among the Great Lakes and three allelic variants appear to
be unique to the Great lake populations  Boileau and Hebert 1993!. Combined with other
markers, such as rnitochondrial RFLPs and direct DNA sequences, it may be possible to
identify the source populations and the character of spread. New populations maybe
established from small numbers of founding individuals, and this may influence the
genetic difFerentiation that has been observed.

As the Zebra mussel spreads over a vast number of freshwater bodies of varying
temperature, chemistry, presence of human � introduced toxic substances, and gamete and
larval flushing rates, strong natural selection may cause rapid genetic divergence in a
variety of ecologically important characters  see Levinton 1980!. Lake St. Clair
populations do not differ significantly from European populations in heterozygosity
 Boileau and Hebert 1993!, so we do not expect that genetic variation was seriously
depleted even at the time of the initial invasion.

The following list of types of changes is incomplete, but gives an idea for areas of study:

�! Shell thickness, shape, and growth rate in response to predation. As Zebra
mussels have spread over a wide variety of habitats, they must be encountering some
areas with potential predators, such as molluscivorous fishes and crustacea. This suggests
a potential for rapid evolution of shell characters. When the invading marine green crab
Carcims maenas invaded the coastal waters of Maine, populations of the periwinkle
Lirrorina saxaiilis were exposed in some bays to intense predation, and the rapid
evolution of increase shell thickness and lower spired shells ensued  Seeley 19&6!. The
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blue crab Callinectes sapidus may be an important predator on part of the Zebra mussel
population that has invaded the Hudson River and may exert similar evolutionary
pressures, Molluscivorous fish may be important in more interior North American
freshwater bodies,

�! Larval behavior in response to water flushing. Estuarine species with
planktotrophic larvae have varying adaptations to the natural exchange and flushing of
estuarine water into the adjacent coastal regions. While some species leave the estuary as
larvae and return as recruiting settlers  e,g, Morgan 1990!, others have extensive
adaptations to remain in the estuarine system  Fig. 1!. Zebra mussel populations live
along the generally coastally associated hard substrata of lakes such as Lake Erie, but
they also have colonized rivers such as the Hudson River, which have strong flushing
rates. Zooplankton abundance in the Hudson River is inversely correlated with river flow,
which suggests that flushing is a major factor in determining zooplankton densities  Pace
et al. 1992!. If there were genetic variability for larval development rate and behavior,
one might expect that rivers with high flushing rates would select for more benthic larvae,
perhaps with higher development rates, and maybe even a stronger dependence upon yolk
to fuel larval development. It would be very useful to select a range of fresh water bodies
with varying flushing rates to examine differentiation of larval characters. Clearly, the
evolution of reduced dispersal would have important implications on population
dynamics and exchange with distant populations.

�! Life history respolises to varying sources of mortality. It is likely that D,
polymorpha populations will spread over lakes with widely differing sources of mortality
Some lakes will have abundant larval predators, whereas others may have predators that
prey preferentially on adults. Strong predation on adults will cause natural selection for
early reproduction and perhaps increased investment in reproduction to the expense of
somatic growth. In some cases, larval recruitment may be quite variable, selecting for a
"bet � hedging" life history adaptation of repeated reproduction, as opposed to
concentrated devotion of resources in earlier life. Many marine bryozoa colonize
seaweeds and die when the fronds senesce in the winter If mussels colonize erect algae in
lakes, they too may experience early mortality, as the algae senesce and the mussels fall
into the mud  I thank Ladd Johnson for this suggestion!. This cycle might select for rapid
reproduction, and would be analogous to the early reproduction observed for Pacific coast
populations of Mytilus edulis, that are subject to early mortality owing to storms and
predation  Suchanek 1985!.
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FLOODING TIOE

EBBING TIDE
l. [n bodies of water with considerable flow, flushing rates are an important factor in
larval recruitment success. In tidal estuaries. larvae ot'several species are known to stay
near the bottom during the ebbing tide, and rise in the water column during the tlood. The
net effect of this behavior is to transport larvae up the estuary.

�! Adaptation to varying concentrations of toxic substances. As in many marine
coastal waters, h.esh water environments may have high concentrations of toxic
substances in sediments. sediment pore waters. and in the overlying water column.
Levt'nton �980! suggested that this state of affairs might promote strong natural selection
tor resistance to toxins if there was genetic variation for resistance. Such resistance
evolves commonly among insect populations that are exposed to insecticides and by
bacteria that are exposed to drugs iri hospitals. The oligochaete Limnodrilrcs hoffmeisreri
evolved resistance to cadmium in only a fee generations. and there is extensive genetic
variation tor resistance within populations living in relatively clean sediments  Klerks
and Levinton 1989!. The evolution of resistance to toxins is now widely recognized as a
major feature of invertebrate populations in aquatic hahitats  Klerks and leis 1987,
clerks and Levinton 1989!. Since Dreissena polvmorpha has spread over many habitats.
it is likely that it has been exposed to a wide variety of toxic substances. Once the
problems of larval rearing are completely solved  see Vanderploeg et al. 1994! it will be
possible to do genetic studies on resistance. Indeed. if these studies are done soon. then a
remarkable record of rapid evolution may be acquired.
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�! Temperature adaptations. Because of the widespread latitudinal range already
achieved, D. polymorpha lives in a series of water bodies of widely differing water
temperatures. Studies of marine poikilotherms demonstrates extensive latitudinal
differentiation in response to temperature, Some of this response involves adjustment of
energy budgets, which lead to genetic differentiation of metabolic strategies for living in
different thermal regimes  Levinton 1983, Lonsdale and Levinton 1989!, Additionally,
colder water populations may have accelerated life cycles, relative to warmer water
populations, in order to reproduce in a shorter season, with a presumably shorter
phytoplankton bloom that might nourish D. polymorpha's planktotrophic larva.
Latitudinal differentiation has been revealed in the past by conunon garden experiments,
preferably with offspring of populations form different latitudes that have been raised
under common conditions  Levinton and Monahan 1983!.

Larval Transport and Recruitxnent

The Zebra mussel is a rather typical species, when compared with marine hard substratum
species having planktonic larvae. Sexes are separate, eggs and sperm are spawned freely
into the water column, and a planktotrophic larva resides in the plankton for a period
estimated between 5 days and 5 weeks, depending upon various accounts  Sprung 1993!.
Larval food is not understood terribly well, but the apparent narrow range of 1 � 4
microns may limit feeding to bacteria and smaller green algae and cyanobacteria. The
Hudson River inay be ideal for Zebra mussel larval survival, owing to its rich bacterial
production  Findlay et al. 1991!. A number of predators have been identified, including
various fish larvae  Wiktor 1958 � cited in Sprung 1993, Kornobis 1977! and
Mesocyclops  Karabin 1978!, Larval settling substratum preference is minimal, although
bare sand and mud appears to be avoided, hard substrata are preferred, and there may be a
preference for adult shells  Hebert et al. 1989!.It would be of great interest to know
whether D. polymorpha larvae employ byssal threads, either as parachutes to delay
sinking or to use as drag anchors to promote settlement on the substratum. Mytilus edulis
larvae have been described as two � phase settlers, The primary phase involves settlement
and metamorphosis on filamentous algae, whereas a secondary movement is believed to
occur to the location of larger mussel beds  Bayne 1964, 1976!. This notion is now
controversial  Kautsky 1982, Fell and Balsamo 1985!, but it is of interest, since larval
settleinent of D polymorpha may sometimes be focused on algae. Currents inight
redisperse recently metamorphosed larvae.

Because D. polymorpha is a free � spawner, water movement and turbulence may play an
important role in fertilization success and population growth. In recent years, marine free
spawning species have been investigated intensively and turbulence has proven to be a
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major factor that reduces fertilization success  Denny and Shibata 1989, Levitan et al,
1992!, Free spawning species also suffer the danger of gamete wastage owing to
asynchronous spawning. Lunar and solar cycles are employed extensively by marine
species to enable gamete union, and this reaches a peak in coral reefs, where mass
spawning events, keyed into lunar cycles, involve many species simultaneously  Hamson
et al. 1984!, These events have been proven to greatly enhance fertilization success, In
soine cases, such as the crown � of � thorns starfish Acanthasrer planci fertilization may
be quite efficient, even at great distances  see Oliver and Babcock 1992!. It would be of
great interest to study such cycles in the Zebra mussel, given its trans � Atlantic migration
and subsequent rapid spread throughout eastern North America.

In considering the potential for population growth and spread one must consider  a!
factors that control extension of the geographic range and  b! maintenance and
replenishment of a population, once it has been established in a region. Many marine
species have moved across an ocean to a new area and spread subsequently along a coast.
Although there are many species of fiddler crabs  genus Uca. family Ocypodidae,
Crustacea! in the American tropics, a single species lives in the eastern Atlantic, with
morphologically relatively homogeneous populations from west Africa to Portugal  Crane
1975!. It seems unlikely that humans aided the transport, but the regional homogeneity
suggests a fairly recent rapid spread, Several marine species probably were brought
westward to the N. American Atlantic coast in the 19th century and have spread rapidly
southward along the coast. The periwinkle Lirtorina lirrorea spread in all probability &om
Nova Scotia southward, reaching the rniddle Atlantic States. If we make the rough
estimate that 1500 km were traversed in ca. 100 years, then we can readily see that the 15
km per year movement combined with a ca. 3 week larval life requires a current transport
of ca. 1 cm per second, which is rather slow, This rough calculation suggests that range
extension by planktonic larvae is very rapid and must be limited only by isolating current
systems and perhaps ultitnate temperature limitations, For example, Mytilus edulis larvae
move southward and settle south of Cape Hatteras, but they usually fail to survive the
high summer temperatures. Current systems may contribute to isolating provincial biotas
north and south of Point Conception, California, which would bring a range extension
along the western U.S, coast to a halt. Zebra mussels may extend their range along some
long coastlines of the Great Lakes, and it would be of great interest to learn if the rate of
range extension is as fast as current � aided larval dispersal can carry them.

Maintenance and replenishment of a population requires acknowledge of larval behavior,
current transport, mortality, and larval life span. Mussels may be able to produce
thousands of eggs, but population replenishment depends strongly upon fertilization
efficiency, flushing of larvae from the system, predation on larvae. and inechanisms of
successful larval recruitment to suitable adult settling sites  see Buttnan 1987!, On the
simplest level, larval replenishment of populations can be visualized as a competition

531



between larval production and flushing from the system, For example, Gaines and
Bertness �992! have found that larval recruitment of barnacles to settling panels is
strongly related inversely to the degree of water flushing rates from a coastal marine bay,
which is in turn a strong function of regional rainfall, Many estuarine species with
planktonic larvae face the danger of loss to the open sea, which competes with an
opposing danger of high predation rates within estuaries. Larvae of some oyster sand
crabs modulate their behavior to reduce flushing from the estuary, especially by staying
near the bottom during the ebbing tide  Pig, 1!. This behavior can actually concentrate
larvae further and further upstream in an estuary  Cronin 1982!. On the other hand, larvae
of species such as the blue crab Callinecles sapidus, move into coastal waters, and later
recruit into the estuary  e.g., McConaugha 1988!. Coastal waters often have lower
predation rates, and crustacean larvae that are retained within estuaries often bear spines Morgan 1990!. Loss to Offshore Waters Wind-driven

recruitment
onshore

Self-seeding
eddies

2. Some types of p1anktonic larval loss and gain with respect to a shoreline population.

In order to understand the dynamics of Zebra rnussels it is crucial to not only know the
larva1 life, behavior, and feeding biology, but we must also measure the hydrodynamic
structure of the regional waters. Estuarine flow for example, may cause rapid evolution of
Zebra mussel larval 1ife span and behavior, in order to survive flushing from estuaries
such as Chesapeake Bay and the Hudson River  Strayer 1991, Strayer and Smith 1993!.
In some cases, a population may be self � seeding  Fig. 2!. Sammarco �988! examined
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larval recruitment dynamics on a coral patch reef by placing settling plates at increasing
distances from the reef and by placing an array of current meters in surrounding waters.
The current meter array allowed the development of a water circulation model, which
predicted concentrated recruitment in two areas of the patch reef. Actual settling data
conformed remarkably well to the prediction. Furthermore, despite a general regional
flow, settlement seemed to increase rapidly as one approached the patch reef, suggesting
that most settling larvae originated from the reef itself, and not some remote location. In
order to understand Zebra mussel larval dispersal, such studies combining recruitment
onto a suitable substratum  e.g., ropes or scrubbing pads! and hydrodynamic
measurements are essential. Settling and recruitment may also be strongly modulated by
weather change, particularly storm events. Recent studies of recruitment by blue crab
larvae demonstrate simultaneous recruitment in localities that are hundreds of kilometers
apart, which can only be explained efFectively by regional storm systems. It would be
quite useful to develop a large scale research program studying daily recruitment of Zebra
mussel settlers along a shoreline or island such as are found in Lake Erie.

Community Interactions

Zebra mussel beds can be likened to marine mussel clumps, such as those of the western
Pacific Crem'mytilus greyani that live on isolated hard bits of substrata, or the more
continuous beds of Mytilus that are found on sandy substrata on protected shores of the
eastern U,S. Continuous beds of Zebra mussels are not so different from shallow subtidal

beds of Mytilus edulis, With modest fiows, mussel beds deplete the bottom waters of
phytoplankton within a boundary layer, which is replenished by turbulent difFusion from
above  e,g., Frechette et al., 1989!.

Like M edulis, Zebra rnussels live a bed comprised of several layers, and mussels on the
bottom experience reduced food supply, dissolved oxygen, and suffer exposure to
deposition of pseudofeces and feces  Harger 1968, 1972, Call et al. 1994!. Mobility of
mussels is therefore an important source of intraspecific competition, as mussels climb to
the top of the heap. The interference of upper mussels with the feeding and respiratory
activities of lower layers of mussels will probably set an upper limit to the thickness of
mussel beds, Manipulative experiments can be performed that alter the thickness of the
beds, in order to estimate the optimal thickness that promotes maximum production, and
the threshold at which population and somatic growth is severely limited.

Zebra mussels are mobile and therefore can smother competing epibenthos. While the life
position of Zebra rnussels on many aquatic species has been noted, it would be useful to
perform the sort of manipulative experiments that have been done in marine habitats  see
Levinton 1982! to quantify the eFFects of Zebra mussels on species to which they attach.
This type of experiment can be done by small scale manipulations, but, as I discuss at the
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end of this paper, larger scale introductions would be essential to understand population
level effects, For example, zebra mussels attach to unionid bivalves, and there are likely
negative effects to be expected  e.g., Ricciardi 1994!. However, with the development of
large mussel beds, hydrodynamic conditions around the bed may change the conditions,
including the bottom substratuin that might be filled with shells, in ways that might even
enhance some benthos, including other bivalves, Marine mussel beds support scores of
interstitial and attached invertebrate species, and oyster beds are important sites for
recruitment of a variety of epibenthic species. Zebra mussel beds could conceivably
increase local benthic biodiversity.

In marine mussel beds, predators are crucial in regulating abundance of the competitively
dominant mussels. Seed �969! and Paine �974! have demonstrated the importance of
asteroid starfish and gastropods in regulating the relative abundance and microhabitat
occupation by mussels. While Seed's work was done by careful observation, Paine took
an experimental approach by removing starfish and observing the increase in mussel
abundance and spread of the inussel bed down intertidal rocky shores, into a zone
normally subjected to intense predation. A similar approach needs to be taken to studying
the Zebra mussel, which may be consumed extensively by molluscivorous fish and
crustacea. Caging of tnussels from predators is a readily applicable approach  Hamilton et
al. 1994!. An especially promising location for such study is the Hudson River, where
Zebra rnussels have invaded and the blue crab Calliriectes sapidus can be abundant in the
fresh water reaches. It is not clear however whether the blue crab feeds very much when
migrating up into the fresh water part of the estuary,! t is certain that the blue crab will eat
Zebra rnussels, but field studies must be done to assess the potential impact in natural
habitats. It may well be that crabs and fishes inay play important keystone roles in
regulating Zebra mussel beds.

Zebra mussel populations may also greatly increase the abundance of certain carnivores,
either by providing an increased food source and increasing population size of relatively
sluggish predators, or by altering the migration routes of highly mobile carnivores, such
as fishes and birds. Diving ducks feed extensively on Zebra inussels in Lake Erie, and
exclosure experiments demonstrate an impact on the mussel population with respect to
biomass, but not numbers  Hamilton et al. 1994!.

Trophic Dynamics

Mussels are algal grazers and therefore can be considered as part of a large � scale
interactive system between nutrients, algae, and other grazers  Fig. 3!, as modulated by
water column mixing and lateral water transport. Strayer and Smith �993! calculated that
a well-developed Zebra mussel population will filter S � 30 percent of the entire mesh
water part of the Hudson River estuary per day. In 1993, the phytoplankton bloom of the
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Hudson River failed to materialize  J. Cole and N. Caraco, personal communication!,
which may be explained by the Zebra mussel invasion and population burst a couple of
years before. Lake Erie is a classic example of a eutrophic lake swept clear by Zebramussels. I I I I I

I I I I I
92 I

I

DFw ZM � � -~NB

3. Scheme of presumed interactions in a simple system where Zebra mussels  ZM! have
colonized. The zooplankton  ZP! - planktivorous 6sh  PF! compartment may be
endangered owing to Zebra mussel consumption of phytoplankton. Deposition of mussel
feces and pseudofeces might enhance the deposit feeding benthos  DF!. Zebra mussel
excretion might cause release of near bottom dissolved nutrients  NB!, which may be
mixed to the water column nutrients in the surface water  NS!.

In recent years, several estuaries have been shown to be strongly influenced by bivalve
grazers, particularly if the estuary is shallow, if there is relatively little lateral mixing, and
if the bivalve population is dense. In shallow estuaries, phytoplankton is directly
accessible to the benthos, either by deposition of ungrazed phytoplankton or by direct
grazing of benthic bivalves  Cloern 1982, OfTicer et al. 1982, Cohen et al. 1984,
Thompson and Nichols 1988, Koseff et al. 1993, Kamermans 1994!. Most interesting is
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the case of surf diatom blooms, which prevail ofF sandy coasts of Oregon and South
Africa  Lewin et al. 197S!. Here, offshore bars trap a cell of turbulent water and excretion
by bivalves and other benthos feeds nitrogen into the water column, which stimulates
phytoplankton production, This makes for very strong benthic pelagic coupling. It is
likely that such strong coupling exists in shallow estuaries such as San Francisco Bay
and Naragansett Bay.

Dense populations of bivalves in shallow estuaries exert major influences on control of
phytoplankton, transport of nutrients to bottom sediments, and nutrient cycling back to
the water column  references in Dame 1993!. We should expect such strong interactive
systems in the case of Zebra musseis as well  Fig. 3!. ln fresh waters the excretion of
phosphorus may be more important as a limiting nutrient, and, unfortunately, we know
very little about P excretion and turnover by mussels, Phosphorus kinetics tend to involve
more rapid movement than nitrogen, and the bivalve stimulation of primary production
may be not so easy to predict. Mussels, oysters and other bivalves often reject as
pseudofeces large fractions of particles taken into the mantle cavity. Digestible cells,
including diatoms, are ingested and assimilated with high efficiency. Fecal material and
pseudofecal material is deposited on the bottom, and the organic fraction of this material
may subsidize the growth of benthic deposit feeders. The process of particle processing,
digestion and assimilation may cause strong partitioning of nutrient elements, which may,
in turn, afYect the phytoplankton. Deposition of silica tests on the bottom, despite return
of P and N via excretion, might cause a reduction of silica � limited phytoplankton such
as diatoms and favor green algae and cyanobacteria. Zebra mussel elemental partitioning
is therefore a crucial area for future research, if we are to make a reasonable model of
nutrient dynamics and benthic pelagic coupling.

An historical scenario proposed by Neweii �988! for oysters in Chesapeake Bay gives us
a remarkable reverse perspective of the possible benthic-pelagic coupling between Zebra
rnussels and the water column. Since the 19th century, the eastern oyster Crassostrea
virginica has been exploited by fishing, to the point that current populations are only a
few percent of those that probably once existed. Newell's calculations suggest that former
large populations of oysters were capable of filtering large proportions of Chesapeake
Bay waters. This may have had a negative impact on the phytoplankton. which may have
in turn made the oysters strong competitors with zooplankton such as copepods. The
hypothesized clearer water may have been beneficial for surface-attached vegetation, and
deposits of pseudofeces and feces may have subsidized deposit feeding benthos Even the
obnoxious sea nettles that currently dominate the Bay may have been absent, when
oysters clarified the water column of phytopiankton and deprived the nettles of their
probably important copepod prey.
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Although the players would be different  substitute cladocera for copepods and
planktivorous fish for sea nettles!, these interactions give us strong insights as to the role
of Zebra mussels in controlling the water column and in proinoting benthic-pelagic
coupling with the benthos. Recently, Padilla et al, �994! have used a model of
interactions in Green Bay, Wisconsin, which predicts the impact of Zebra mussels on
areas of differing nutrient input.

A Heterodox Plea for Experimental invasions

At present, many of the tools in the marine ecologist's gear bag can be applied directly to
Zebra mussels. However, as studies of marine invasions attest, we often cannot
understand ecological impacts very well, if only because the invaded habitats are not
understood completely  indeed, we tend to study them carefully after we see the impacts
of invading species, thus confounding the invasion with peculiarities of individual water
bodies!. In some cases it is possible to remove the invader, especially in cases where the
invading species' effects are ecologically localized, as in strong effects of a grazer on
algae, This is not so true for the Zebra tnussel, whose effects on nutrient cycling, for
exatnple, are of a larger spatial scale, It ~ould be very difficult indeed to remove all of
the Zebra mussels from a lake or river, but it sure would be easier to add some!

Ironically, fresh water studies are far more instructive than inarine work in planning for
further study of Zebra mussel impacts. The Experimental Lakes Program  e.g., Levine
and Schindler 1989!, among others has demonstrated that controlled manipulations of
fresh water bodies often yield far inore insight than static observations. The manipulative
experiments of predators in artificial ponds  Wilbur 1984! and in smaller lakes  e.g.,
Hairston et al. 1990! have demonstrated the strong linkages between life histories,
predation and competition in fresh water bodies Manipulations of nutrients also allow
models of trophic dynamics to be tested with far more powerful analytic capabilities than
might be available using natural, and often poorly controlled, variability. Therefore, I
would strongly recommend immediate plans for introductions of Zebra mussels into lake
and stream systems that had been studied well previously. While this seems somewhat
drastic, perhaps an emphasis upon fresh water bodies that are bound to be victims of the
invasion anyway should be selected for sacrifice. Boundless numbers of observations
after the fact pale in the light of the results of a single well planned experiment.
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A Method for the Isolation of Total Genomic DNA
from the Zebra Mussel, ~Dr l h ~lm r h

Russell L. Minton and Gregory C. Mayer
Department of Biological Sciences, University of

Wisconsin-Parkside, Kenosha, WI 53141-2000, USA

Introduced species, such as the zebra mussel  Urn,g;errg ggl~~~a!, provide
favorable opportunities for the study of the evolutionary and population genetic
consequences of the entry of a species into a previously uncolonized region. Zebra
mussels provide an especially favorable circumstance because of the recency of their
introduction. As well as providing interesting data on the genetic structure of a
colonizing species, the identification and characterization of the distribution of genetic
markers in the zebra mussel may also provide information on the sources and routes of
dispersal that may be useful in the control and management of the species. As the
first step in a study of the distribution of genetic variability in the zebra mussel, we
have developed a method for the extraction and isolation of their total genomic DNA.
We have obtained satisfactory results with a variation of the phenoVchloroform
method using the entirety of the soft parts of the mussel. Cells are disrupted and
proteins digested by an overnight incubation in 0,2% SDS with proteinase K in Tris-
NaCl-EDTA buffer. The supernatant of this digestion is extracted once with 1:1
phenol:chloroform and once with chloroform. Nucleic acids are precipitated with cold
ethanol, pelleted, dried and rehydrated in Tris-EDTA. This method produces an
average of 1-4 milligrams nucleic acid per gram wet weight of mussel tissue, with a
ratio of A,gA,~ of 1.8-2.0. We have used it successfully with fresh mussels, rnussels
frozen and stored at -80 C, and with mussels preserved in 95% ethanol and stored at
room temperature.
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Introduced species, such as the zebra mussel  Dreissena pobcmmo.>~ha, provide
favorable opportunities for the study of the evolutionary and population genetic
consequences of the entry of a species into a previously uncolonized region  Baker
and Stebbins, 1965; Parsons, 1983!. Zebra mussels provide an especially favorable
circumstance because of the recency of their introduction into, and spread within,
North America  Griffiths et al, 1991; Ludyanskiy et al., 1993!. As well as providing
interesting data on the genetic structure of a colonizing species, the identification and
characterization of the distribution of genetic markers in the zebra mussel, by
providing information on the sources and routes of dispersal, may also be useful in the
control and management of the species. Aquatic invertebrates often present difficulties
in obtaining DNA for study  Palumbi et al., 1991! and thus as the first step in a study
of the distribution of genetic variability in the zebra mussel, we have developed a
method for the extraction and isolation of their total genomic DNA.

ada~trial had ~Mthod

Zebra mussels collected from intake pipes just north of the mouth of the Root
River were obtained from the Racine, Wisconsin, Water k Wastewater Utility.
Mussels were frozen by being placed in a -80 C freezer, preserved in 95% ethanol, or
maintained in an aquarium at room temperature. Ethanol preserved mussels all had
their shells cracked slightly to ensure that alcohol could rapidly reach the tissues, and
were then stored at room temperature. Initial extractions were performed on these
mussels, using as a guide the protocols of Palumbi et al. �991!, prior experience with
vertebrate DNA extraction, and the advice of colleagues. After a successful protocol
had been developed, further tests of the protocol were performed using mussels
obtained from the Hlinois Natural History Survey's Lake Michigan Biological Station
in Zion, Illinois. Mussels from this source had been collected from various sites in
northeastern Dlinois and maintained in a lake water tank. It is possible that mussels
from Green Bay, Wisconsin maintained elsewhwere in the same large lake water tank
could have become mixed with the Illinois mussels. Zion mussels were preserved in
the same way as Racine mussels, except that live mussels were maintained at 4 C in
lake water.

The success of extraction was assessed quantitatively in two ways. First, the
yield, expressed in milligrams per gram wet weight of mussel tissue, was determined
from the voulume and concentration of the final extract as determined by UV
spectrophotometry  Aquadro et al., 1992!. Second, the ratio of absorbance of the
extract at 260 nm  the wavelength of peak absorption by nucleic acids! to its
absorbance at 280 nm was calculated This ratio should be around 1.8; lower ratios
indicate protein contamination  Hillis et al, 1990!. Statistical analyses follow Sokal
and Rohlf �981!. Extracts were also visually inspected for the presence of long-



stranded spoolable DNA at the ethanol precipitation stage of the extraction protocol
 step 11, below!. Most extracts were also subjected to agarose gel electrophoresis to
determine the distribution of fragment size.

EXTRACTION PROTOCOL FOR ZEBRA MUSSELS

1! Weigh and tare a 1,5-2.0 ml tnicro-centrifuge tube. If using fresh mussels, this
weight must include the weight of the lysis buffer and proteinase K.

2! Dissect out a zebra mussel:

a! If using a live mussel, pry' the shell open and place the whole individual
 including shell! in the tube.

b! If using a frozen mussel, retnove the shell and place the entire frozen
ellipsoid block of soft parts in the tube.

c! If using a mussel in ethanol, remove the shell, and rinse the mussel in
distilled water.

3! Weigh the tube with mussel to get the wet weight of the individual by subtraction
If using live mussels, the wet weight must be taken after the digestion when the sheH
can be removed from the tube.

4! Add 500 ul of lysis buffer �00mM Tris, 5mM EDTA, 0.2% SDS,
200mM NaCl! to the tube.

5! Add proteinase K to the tube to a concentration of 100 ug/ml.

6! Incubate the sample at 55 C with gentle inversion in a rotator overnight, The next
day, the soft parts should be digested down to a greenish-brawn solution.

7! Spin sample for 5 minutes at 14,000 rpm  Eppendorf 5415C desktop
microcentrifuge, 16,000 RCF! and transfer supernatant to a clean tube.

8! Add one volume of 1:1 phenol:chloroform and vortex until well mixed Spin
sample for 5 minutes at 10,000 rpm  Eppendorf 5415C desktop microcentrifuge, S,160
RCF! and transfer aqueous layer to a clean tube.

9! Add one volume of chlorofortn and vortex until well mixed, Spin sample for 5
minutes at 10,000 rpm and transfer aqueous layer to a clean tube,



10! Add 1/20 volume of 5M NaCl to the sample and mix well.

11! Add 2 volumes of ice-cold 95% ethanol to the sample and mix very well. DNA
should become visible.

12! Place the sample in a -20 C freezer anywhere from one hour to overnight to
precipitate the DNA, The DNA should appear as white, fluffy strands which float,

13! Spin the sample for 10 tninutes at 14,000x to pellet the DNA.

14! Carefully pour off the ethanol and air dry the pellet.

15! Resuspend the pellet in 100 ul TE �0mM Tris, lmM EDTA! and store at either
-20 C or -80 C.

R~esul snsi Discussion

Table 1 gives the results of extractions on Racine rnussels preserved in 95%
ethanol or frozen at -80 C. There are no differences in yield or ratio between frozen
and ethanol preserved mussels.

Table 1. Results of extractions from frozen and ethanol preserved zebra mussels
 n~,=nE~10! from Racine, Wisconsin. The figures given are the mean + standard
error of the mean followed by  range!.

454KQ1Frying

Yield'

 mg/g!
1,44 +,079

�.04-1.74!
1.48 j= .054

�.24-1.77!

1.84 2 .044

�.53-1.97!

Ratio'

 A~dAm!
1.84 + .054

�.59-2.08!

' Yield is expressed as milligrams of nucleic acid per gram wet weight of
mussel tissue. The variances are homoscedastic  F;-2.12, df=[9,9], ns! and the
difference in means is nonsignificant  F,=.140, df=[1,18]!.

Ratio is the ratio of absorbance at 260 nrn to the absorbance at 280 nm.
The variances are homoscedastic  F,=1.51, df=[9,9], ns! and the difference in means is
nonsignificant  F,=.010, df=[1,18]!,



Although preliminray extractions and protocol development had included fresh
mussels from Racine, by the time a final protocol had been arrived at no live mussels
remained for quantitative testing of the protocol. For this purpose, fresh mussels were
obtained from the Hlinois Natural History Survey. When preliminary results from a
first sainple of 10 mussels indicated that the yield of the fresh mussels was lower than

Table 2. Results of extractions from two samples of fresh zebra mussels  n=l0 for
both! from Zion, Illinois. The figures given are the mean k standard error of the mean
followed by  range!.

~~!argyle l Iam le 2

Yield'

 mg/g!
.934 + .079

 .554-1.34!
1.08 +,036

 .877-1.26!

1.82 + .029

� 67-1.96!
1,82 i .042

�.61-1.99!

' Yield is expressed as rnilligrarns of nucleic acid per gram wet weight of
mussel tissue. The variances are heteroscedastic  F,=4.75, df=[9,9], 05>p>,02!; the
difference in means is nonsignificant by an approximate t-test for heteroscedastic
samples  t,=l.08, df=9!,

Ratio is the ratio of absorbance at 260 nm to the absorbance at 2&0 nm
The variances are homoscedastic  F,=2.04, df=[9,9j, ns! and the difference in means is
nonsignificant  F,=.OOO, df=[1,18]!.
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All of the samples tabulated in Table 1 produced long-stranded, spoolable DNA
upon addition of ice-cold ethanol. Five of the frozen and three of the ethanol
preserved samples also yielded shorter stranded DNA when the precipitation was
allowed to proceed longer, Agarose gel electrophoresis of several samples along with
size markers showed maximum strand size to be good, with long stranded DNA  >14
kb! except for one frozen mussel, which had longest strands of about 6 kb, Short
stranded DNA can be eliminated by using a very brief ethanol precipitation, or by
precipitating at room temperature, both of which methods will preferentially precipitate
the long-stranded fraction.  i.e. modifying steps 11 and/or 12!. Strand size can also
be enhanced by recovering the long-stranded DNA by spooling rather than pelleting
 substituting for step 13!. No obvious differences were observed between extracts
from mussels frozen and stored for 3 months at -80 C versus rnussels frozen and
stored for 8 months at -80 C, although the one sample with subpar strand size was an
8 inonth-stored mussel.



Table 3. Results of extractions from frozen, ethanol preserved, and fresh zebra
mussels  nr�,=nE~~n =4! from Zion, Illinois. The figures given are the mean 2
standard error of the mean followed by  range!.

~Fr >~z

3.85 + .539

�.84-4.97!

2.04 2 .020

�.99-2.08!

Yield'

 mg/g!
2.95 S .569

�.38-4.09!
3.21 j: .990

�,92-6,16!

Ratio'

 Aw/A3N!
2.01 + .017

�.97-2.04!
2.02 2 .038

�.95-2.1 1!

' Yield is expressed as milligrams of nucleic acid per gram wet weight of
mussel tissue. The variances are homoscedastic  F =3,38, a=3, df=3, ns! and the
differences among means are nonsignificant  F,=.383, df=I1,18]!.

Ratio is the ratio of absorbance at 260 inn to the absorbance at 280 nm.
The variances are homoscedastic  F =5.02, a=3, df=3, ns! and the differences among
means are nonsignificant  F,=.303, df=I1,18]!.

There are no significant differences among treatments in either yield or ratio.
We thus conclude that method of preservation does not affect these measures. All of
these extracts were run on agarose gels, and all showed long-stranded  >14 kb! DNA.
None of the ethanol preserved, 2 of the fresh, and all of the frozen mussels also
showed some shorter stranded DNA. Ethanol and fresh mussels also had less RNA.
It is notable however, that yields and ratios were higher in these samples than in the
two prior series of extracts, and also that they were more variable. Especially notable
is the difference in yield between the first two samples of fresh mussels from Zion
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that of the frozen or ethanol preserved mussels from Racine, a second sample of fresh
mussels from Zion was extracted. The results of these two samples are given in Table
2. There are no differences in yield or ratio between the two samples, but the yield
does seem lower than that of the Racine mussels  ca. 1 ing/g vs. 1.4 mg/g!. Because
of the heterogeneous nature of the mussels extracted in the two series of extractions
reported in Tables 1 and 2  Racine vs. Zion, and preserved in rnid-summer vs.
overwintered in captivity!, we could not know whether fresh mussels had a genuinely
lower yield, or if one of the other differences between the two series was reponsible.
We thus decided to perform a third series of extractions involving just Zion mussels
treated in all 3 ways: frozen, ethanol preserved, and fresh. The results of these
extractions are shown in Table 3.



 Table 2! and the fresh sample in Table 3  ca. 1 mg/g vs. 3 rng/g!. These results
suggest that although yield and ratio are consistent across methods of preservation
within a series of extractions, there are differences across series which are currently
uncontrolled for in the protocol. This "batch effect" might be due to some subtle
variation in technique which affects all rnussels within a batch done at one time
equally, regardless of method of preservation, but that is not replicated across batches
done at different times.

Regardless of the source of this variation, average yields across batches  ca. I-
4 mg/g! are comparable to what we have obtained using a version of the protocol on
mammalian soft tissue  ca. 1-5 mg/g!, and what others have obtained �.5 mg/g, Seutin
et al., 1991; .2-,4 mg/g, Aquadro et al., 1992; both of these authors added an RNAse
step!.

Several variations in the protocol have been tried which might be useful in
particular situations. These variations include:

� Live rnussels may be flash-frozen in liquid rutrogen prior to extraction.
When frozen in this way, whole rnussels, including adductor muscles, can be easily
separated from the shell, so that the shells need not be included in the lysis buffer.
The removal of the tnussel from the shell also facilitates the next variation.

� Mussels may be minced or ground in liquid N, prior to addition of lysis
buffer, which facilitates SDS and proteinase K reaching all the cells more rapidly.

� Lysis and proteinase K digestion can be carried out for only 3-5 hours. This
results in a less complete digestion, but allows the extraction to be completed in one
day. Mincing or grinding is helpful when using a short digestion.

� After overnight digestion, samples may be stored over chloroform at 4C for
2-5 days. This can increase the the purity of the samples.

� After organic extraction, samples may be heated to 65C, cooled, and the
DNA precipitated by adding 8M LiCl to a concentration of 4M, This may increase
yield  Palurnbi et al., 1991!.

� As mentioned earlier, precipitation may be carried out at higher temperatures
or for shorter periods of time if it is desired to enhance the long-stranded fraction and
impede the precipitation of shorter-stranded fraction.

� For techniques in which RNA is undesirable  such as DNA-DNA
hybridization!, RNA may be removed with a DNAse-free RNAse.
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Conclusion

The protocol outlined here can be used to successfully extract total genomic
DNA from frozen, ethanol preserved, or fresh zebra mussels, Because of the danger
of accidental release of live mussels transported for research purposes, we recommend
that, in general, fresh mussels ~n be used in genetic studies. Although we do not
have definitive evidence, agarose gel electrophoresis results provide sotne grounds for
believing that mussels preserved in ethanol yield longer-stranded DNA with less RNA
contamination than do frozen mussel. Although ethanol preservation does have the
disadvantage of not preserving proteins, we tentatively recommend this mode of
preservation.

We are grateful to Herb Schmidt of the Racine Water & Wastewater Utility and J.
Ellen Marsden of the Illinois Natural History Survey for providing mussels, and to T,
Quayle and R. Gundersen for providing access to equipment and technical advice.
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Settlings and Growth of O. polymorpha in the Raw
Water Circuits of the Cattenom Nuclear Power Plant

 Moselle, France!

J.C Moreteau " and M. Khalanski ""
" Laboratoire de Demoecologie - Universite de Metz

" " Direction des Etudes et Recherches EDF

ABSTRACT

The evolution in density of veligers, settling of young animals and growth of D.
pojymorpha were studied over a 3-year period from 1991 to 1993, in the raw water
circuits of the Cattenom nuclear power plant During the same period. an analysis was
conducted of certain physico-chemical parameters of the circulating water  temperanire,

dissolved oxygen, suspended solids, chlorophyll!.

Veliger concenu'ations in the water vary greatly between May and the end of
September, Two peaks can nonetheless be observed. The relative importance of the two
peaks may vary from one year to the next.

Settling of zebra mussels on PVC collectors immersed in the flow of raw water

begins as early as mid-June and occurs around every two weeks. The growth rate of

young animals settling during the-summer is very rapid. Maximutn rates of 1.8 mm per
week were observed, though the average growth rate for young animals during this

period is 1.2 mtn per week. The first cohort of settled young animals can reach a size of

15 mm by the end of summer. This cohort is therefore capable of reproduction the
following year,

The growth can be correctly described with a simple model implemented to calculate shell
increment on the long term. It is based on three functions representing the influence of
size, temperature and food availability  plankton chlorophyll a!, Coefficients have been
adjusted with the shell growth data collected on caged samples or settled musseis on PVC
plates.
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In troduct ion

In France, zebra mussels are building up in the raw water circuits of the
thermal power plants located in the Moselle, Rhone and Seine river valleys. Their larvae
settle in summer of every year on the walls of the basins and galleries.

The EDF-operated Cattenom nuclear power plant consists in four 1300-MW
PWR units and is located in the French part of the Moselle River valley. Each unit is
equipped with a natural-draft cooling tower. Water is pumped from the Moselle at a rate
of 2.2 m3/s for each unit. This water first cools the systems in the conventional and
nuclear auxiliaries, then serves as makeup for the main cooling system. Under normal
operating conditions, the blowdown waters are discharged into a large artificial reservoir
- Mirgenbach - in which residence time is approximately ten days, before being re1eased
into the Moselle River downstream Given evaporation in the cooling towers, the flow
restored to the river is approximately 1.35 m3/s per unit.

Since i989, the EDF Cattenom plant has suffered from problems of mussel
invasion in a part of the cooling water circuit located upiine of the heat exchangers on
both nuclear and conventional auxiliary cooling systems. To eliminate the risk of total
clogging of the exchangers, it was decided to clean the system mechanically every year,
and gradually to install debris filters to protect the exchangers. The cleaning operation,
performed by divers, takes about four months per year  from November to February!.

In 1991 and 1992, experimental trials were carried out on site with a view to

testing different anti-fouling treatments as possible alternatives to the annual cleaning.
thermal shock, high-dosage chlorination, chlorine dioxide, potassium chloride and an
organic compound. [1 j

For most of these alternatives, the environmental acceptabiiiry and the cost
depend greatly on the biological specificity of the local mussel population. Precise data
on larval settlement periods and on growth rates of young musseis is needed for
determination of the most appropriate frequency for cleaning the walls, or the choice of
chemical treatments
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This was the objective of a three-year biological study �991-1993! of the
Dreissena population in rhe Moselle at Cattenom. The study was conducted jointly by the
Laboratoire de Dernoecologie of the University of Metz and the EDF Environment
Branch, part of the Research and Development Division,

This paper will only present the resu1ts on the mussel population invading the
Cattenom power plant circuits, though we have collected the same type of data on a
Moselle River station and on Mirgenbach Lake.

Materials and methods

The environment team of the Cattenom plant continuously monitors the
temperature, pH, dissolved oxygen and conductivity of the Moselle water. In 1992,
between May and September, we measured additional parameters: Total Suspended
Solids, nitrogen  NH4-iV02-N03!, phosphorus  PO4! and silica. The University of Metz
also monitors Moselle River water quality as part of the "Cattenom Ecological Survey
Program".

Moselle water wm.pumped into the chamber of the filtering screen at a point
where the cooling water is continuously renewed, 3 meters above the bottom. Mussel
larvae abundance was monitored between April/May and September/October. A daily
sample of 60 liters of water was filtered on SG rnm meshsize plankton silk and
concentrated to 400 ml. Veligers and other zooplankton were counted on 4 replicates of
5-mi sub-samples using a binocular microscope.

It was estimated by chlorophyll a measurements on 25G- to 1000-ml water
samples pumped at the same place. 90%-acetone extracts were analysed following the
Lorenzen spectrophotomeiric method, modified ro eliminate the acidification process [2].
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Artificial substrates composed of PVC plates were used to quantify larval
settlement. One or two collectors containing 8 rectangular plates �0 x 40 cm! were
placed in the filtering screen chamber 3 meters above the bottom. The collectors were

lowered by rope, guided by a rail fixed to a ladder, At this particular point, water
velocity stays in the range between 10 cm/s to 50 cm/s, depending on the number of
cooling water pumps in operation.

Every one or two weeks, one plate was removed and the settled material detached with a
small brush, to avoid breaking small shells. Sub-samples of the shells measuring less
than 5 mm in length were examined under a binocular microscope coupled to a video
system; larger specimens were directly measured with slide calipers

In 1991 and 1992, calibrated mussel batches were placed in 3-liter PVC cylinders
with 10 circular openings covered with plastic netting of 1- or 4-mm meshsize. These
cages were placed at the base of the PVC plate collector. The mussels had been collected
on the walls of a lock on the Moselle, close to Cattenorn. Shell length of each set of
mussels was regularly measured

In 1992 and 1993, growth of newly-settled mussels was monitored by precise
measurement of shell length on the PVC plates. To identify the cohorts on size-
frequency histograms, we adopted the Bhattacharya method [3].

All the basic data for these studies can be found in the reports drawn up by the
University of Metz for EDF [4J, [5], [6j.

Profile of water quality in the Moselle River

The quality of the water in this stretch of the Moselle is poor, primarily
because of industrial and domestic pollution, Dissolved solids reach very high levels
downstream of industrial discharges of chlorides  conductivity in the range of 1500 to
1800 mS/cm!.
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During the summer, and especially in thc past few years marked by severe
droughts, low flow rates have resulted in increased ammonia �,2 to 1.0 ppm!, nitrites
�.3 to 1.0 ppm! and orthophosphates �.5 to 2.0 ppm!.

The thermal regitne is characterized in spring and summer by water
temperatures above 20' C, with long periods of time in the 23' to 26' C range in 1991 and
1992  Figure 1!.

Phytoplankton is abundant in this nutrient-rich water. chlorophyll a: 10 to 120
mg/1 from May to August  Figure 2!. In spring and summer, phytoplankton contributes
significantly to the suspended matter found in the river �0 to 85 ppm!.

In the MoseHe, the phytoplankton and thc macrophytes phytosynthcsis-
rcspiration process exercise an influenc over the dissolved oxygen balance producing
day-nigth variations, but the DO does not lower under 4.0 ppm during the sutnmcr
months.

15

10

Figures 1. Moselle water temperature recorded on the period 1991-1993  weekly mean
data!.
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Biological data oii Dreissena po jyrnorpha larvae iti the Moselle. at
Cattenom

The three-year set of data is summarized in Table 1. The first veligets were
recorded in April 1991, with water temperature at 13.8' C. In 1992 and 1993, the

sampling program was started too late in the season for detection of the appearance of
veligers in the plankton. In the Belgian part of the Meuse River, GiHet and Micha [TJ
also found the first veligers at 13. P C in 1984, but they assume that no precise water
temperature threshold triggers DI'eissena repmduction. In the lower Rhine, mussel larvae

appear at 134 C  Jantz and Neumann [8j. Testard [9J also found that Dreissena
repmductiOn in the Seine  arOund Paris! is reStricted to a temperature range between 134

and 15' C. Some veligers, in low densities �/L!, were found as late as October 26 in
1993.
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Figure 2: Chlorophyll a data on Moselle water on the period 1991-1993. Measurements have
been made on samples from the cooling circuits of the Cattenotn nuclear power plant from
April-May to September-October  weekly mean data!. The winter data have been completed by
interpolation with a minimum winter value of 1.5 pg/L



Though the density fluctuates from June to August over the three years, two
major abundance peaks were found for larval density:

1991: end of June and mid-August �0 to 65 veligers per liter!,
1992: mid-June and mid-July, with similar densities �90 to 220 veligers
per liter!,

1993: beginning of July and end of August  80 to 450 veligers per liter!.

All veliger peaks were found in the temperature range of 21' to 24.7' C,
which is slightly above the optimum temperature range generally quoted for free-
swimming planktonic stages I 10]. With the exception of this observation, no clear
relationship was found between veiiger density and ternperarure, water chemistry or
chlorophyll a.

Settlements

Prior to the first mussel larvae settlement from April to June, other organisms
colonize the PVC plates. Among them, Chironotnid larvae, Tubificids and Hydroids
 Cordylophora! play a major role. None of them seems to have an adverse effect on
post-veliger settlement. Cordylophora tubes are frequently used as substrate by mussel
larvae and juveniles. The whitish spots indicating sponges on the circuit walls seettt to be
the only areas exempt of Dreissena.. Our settlement data is summarized in Table L

Larval settlement is also subject to significant fluctuations during the sumtner,
though there are 1 or 2 major peaks in the first week of July and August. In 1992 and
1993, settlement recorded in July �,600 and 6,300 per m2! was lower than that. found in
August  respective maximum of 68,800 and 12,900 per m2!,

These major fluctuations explain the formation of two major cohorts observed
in most of the mussel samples collected on the circuit walls and on a plate left on site
from June 1992 to May 1993. Over the period as a whole, maximum settlement was
recorded in a water temperature range of 20' to 25' C.
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Table 1: Summary of data collected during three years on the plankton stages  veligers!
and early settled zebra tnussels in the cooling circuit at the Cattenotn Nuclear Power
Plant, on the Moselle.
Ind/m~: maximum density on PVC plates
T  'C!: ~ater temperature or water temperature range over the period.

Table 2: Chlorophyll a content  !tg/L! of the Moselle water during the summer over the
1991-1993 period  monthly means!,
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Average tnonthly concentrations of chlorophyll a  mgfl! were lower in July
and August 1991 than in the two subsequent years. The absence of a second high
settlement peak in 1991 corresponds to the low chlorophyll a values  Table 2!.

Growth measurements

The data on shell length and shell length increments measured on mussel
samples in the cages and on mussel samples taken from larval settlements on the PVC
plates and basic water quality parameters are presented in the Table 3.

For the first cohort settled on PVC plates in June 1992, mean growth of 1.2
mm per week was recorded frotn June to September   maximum 1.7S! Over the three

months between mid-June and mid-September, the first cohort reached a size of 15.1

mm. In 1993, mean weekly ~wth from the end of June to the end of September was
0.9 mm  maximum 1,27!. Measured shell increments on caged mussels seem lower than

those found on the PVC plate specimens. It is most probable that clogging of the cage
openings by mussel feces and external fouling reduced exchanges of water, and therefore
of food and dissolved oxygen, with the inside of the cages,

Similar 15-mrn growth during the first growing season was recorded on the lower
part of the Rhine by Jantz and iVeumann [8]. Growth recorded on the upper-Rhine
population is, however, far less. From a bibliographical review on the growth of

Dreissena p. populations, Testard [9] summarized the data on the size range of this
species in european rivers and lakes:

End of first summer  stage 0+!: 4 - 5 tnm  monthly increment 1 - 2 mm!
End of second summer �+!: 10 mm  sexual maturity!
End of third summer �+! . 20 - 22 mm

End of fourth summer �+!: 20 - 28 rntn

In the River Rhone, the shell length of the mussels settled in June reaches 8-10
mm at the end of the growing season in October with a incan gowth increment of 2 mm
per month [11[.
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SL  mm!Experiment
ca ed mussels

Period SLI Chla  tt /L!
6.7-18.0

Tem   C!
13.8-14.6

 mttt/wk!
04/1 0-05/02 11,891; 0. 43

13.105/03-05/1691:c ed mussels

ca ed rnusseis
0. 30 1 4. 6-1 6.2

1 6. 2-20. 6

'I 8. 0-61 . 1

7.6-61. 113.705/1 7-06/0491: 0,40
06/05-06/1 8 14,891:

15606/1 9-07/029'I: 0. 3S
16.307/03-07/1 691: 0. 40

07/1 7-08/1 3 17.191: 0. 225 4. 0-7.1

7,6-32.4

ed mussels

ed mussels
21,1-24,9

19,3-20.606/04-06/1 7 5.2 0.6
6.4 5.9-32.4

4.0-7.1

06/1 8-07/02ed rnusseis

ca ed mussels
91: 19.3-23.5

21. 1-24. 9

0. 95
8.307/03-08/1 391: 0. 73

91; 08/27-09/09 0. 35c ed rnussels

ca ed rnussels
12.3 4.1 -11,6

3.2-11,6

21,0-22. 8
19.8-21.013.009/1 0-09/2491: 0,40

9.30 22,0-79,606/03-07/08ca ed mussels 20. 5-23. 692: 0.82
0//08-08/06c ed mussels

ed musseis
1 3.4 22.6-25.0

1 9.0 ' 25.0
1 6. 8-43.8

1 0.3-20. 8

92; 0.43
1 5.192: 08/06-09/03 0,20

0 8/24-07/02 'I .092 0.9
92: 07/03-07/09 1.00

2.9 1,7507/1 0-07/2392

07/24-08/05 6.4 1.35
PVC P'lates

PVC Plates

9. 'I 1 0.1-23,3

7. 5-21. 7

92: 08/06-08/1 9 21, 1-26. 0

18.4-23.7

1.25
08/20-09/02 11.692: 1.0

PVC Plates

PVC P'lates
14,1-19.5

24.2-25.7

13.6 5.0-21. 7

18.7-59.4

92: 09/03-09/1 6 0. 75
0.507/09-07/23 1.7592:

PVC Plates

PVC Plates
1 2. 0-30. 4

1 O. 1-23.3

24.2-25. 7

21 .1 -26. 0

0,807/24-08/OS

08/06-08/1 9 1.0
PVC Plates 7.5-21.792: 18,4-23.71.2508/20-09/02
PVC Plates

PVC Plates
14,1-19.5

24,2-25.7

1 0.1 5.0-21.7

1 2. 0-30.4

1.2509/03-09/1 692:

0,507/23-08/OS92
PVC Plates

PVC Plates
2.7 1 0. 1-23.3

7. 5-21. 7

21 .1-26,0

18.4-23,7

1.2508/06-08/1 992:

5.2 1,508/20-09/0292:
PVC Plates

PVC Plates
5,0-21,7

55. 5-66.2

14.1-1 9.5

21.3-21. 5

1.009/03-09/1 6 8.292:

1.306/26-07/12 0. 62
PVC Plates

PVC Plates
55. 5-41. 7

24,4-41.7

1.15 20. 6-21.3

20.6-22.3

2.5493: 07/1 3-07/26

1.2707/27-08/23 4.8493:

30. 7-38. 7PVC Plates 1.15 17. 9-22, 108/24-09/06 9. 91
PVC Plates

PVC Plates
24,1-3B.9
21.3-38.9

17,3-1 7.7

14.9-17,3

0. 4812.2093: 09/07-09/21

0. 5213,1593: 09/22-1 0/07

SL: Shell lengi  irtitial size!
Temp: Avera Temperature

SLI; Shell length Weekly increment
Chia; Chlorophyll a

Table 3. Measurements of shell length increments and water quality data   temperature
and plankton chlorophyll a ranges! performed during the 3 year study at Cattenotn.
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c ed mussels

ca ed mussels

ca ed mussels

PVC lates

PVC tates

PVC olates

PVC Plates

19.3-20,6

1 9,3-23. 5

23. 5-24. 9

22.2-24. 0

22.1-23.7

22.3-25

24.2-25.7

7.6-32,4

5.9-32,4

5. 9-7.1

1 0,7-42.7

7. 7-19. 9

1 B. 7-59. 4

12,0-30.4



Our data implies a morc rapid growth, at least during the first season. A similar
growth of 15 mm within the first growing season, was found in the lower part of thc
Rhine by Jantz and Neurnann [8] when the growth of an upper Rhine population does not
exceed 4 mm. Sprung [12] compared the growth of Dreissena in two lakes in the

Cologne area in Germany: in one with high seston content, the population reaches 13 mrn
by the end of the settlement year. In the other, with a low seston content, the median shell

length was 2.3 mm.

Thc Cattenom circuits population can be placed in the fastest growing european
populations

ModeHing shell growth

In Molluscs, growth is mainly dependent on one biological factor. individual
size, and two environmental factors: water temperature and food availability. The model
we have developed to estimate shell growth on the Dreissena population in the Cattenom
circuits is based on these three factors.

For every one-week time step, shell length  Lt! is calculated as follows:

Lt  mtn! = Lo mm! er, Lt is the final shell length Lt is the initial shell length.

The model is based on calculation of the exponential growth rate  r! over a 1-week
period, as dependent on three functions:

r  week ! = rmax ~ G ~ F

rmax is the maximum value of r with no thermal or food limitation,

G is the thermal limiting function, varying in a range between 0 and 1,
F is the nunitional limiting function, varying in a range between 0 and 1.

Over a weekly period: rrnax = ln   Lo + SLI! / Lo!, SLI is the weekly shell
length increment.
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Filtration rate, ingestion rate and energy metabolism balance are sizeMependent:
the individual growth rate decreases as the size increases. This is a basic assumption of
all invertebrate-growth models illustrated by the Von Bertalanffy law. In a test tank fed
by Rhine water, Jantz and Neumann [8J measured the shell length increment on mussel
batches between December 1989 and June 1990. For the growing period �.5 months
from mid-March to the end of June!, they obtained data which follows an exponential
regression equation.

SLI  mrn! = 10,3 e  -0.071 L ! or: SLI mm/week! = 0.74 e  -0.071 L ! L in mm

Thus the rnaxirnum weekly increment over the period is 0 74 mm.

The same regression from the data in Table 3, gives the following equation  see
Figure 3!.

SLI rnmjweek! = 1.554 e  -0-0863 Lo! Lo in mrn, r> = 0.59

The relatively poor correlation coefficient is probably due to the effect of the other
two factors, temperature and food, and to the heterogeneity of samples  caged mussels
and those on collectors!. The key point to remember is that the exponential coefficient is
quite similar to that found in the shell growth experiment on the Rhine.

Including the size limiting factor, rmax is calculated as follows:

rmax � � ln   Lo+ a. e  b.Lo!! /Lo!

In European waters, all current literature agrees on the absence of growth during
the winter period, the only significant growth being observed in the spring and summer
period. The winter temperature threshold for triggering growth is shown in the range of
5' to 10'C. The optimum temperature for growth is 15' C, and growth is, according to
Waltz [131 greatly limited at temperatures exceeding 20' C,
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Our data clearly shows that the period of maximum growth is the summer, in the
Moselle i7] as in the Meuse or in lakes [12], when water temperature reaches its
maximum annual values in the range of 20' to 25' C.

?f we assume that the thermal optimum is close to 22 C, we must also take into
account the fact that a sharp decrease in growth most probably occurs between 25' and

30' C. The thermal function in our model was selected to take these basic factors into
account  Figure 4!:

G Topt! = l, G Tmax! = 0, Topt and Tmax in 'C, z: constant

2,0

1,0

CS
C 4

0.0
0 10 15 20

S hail Length  mm!

Figure 3: The size limitation function, the shell length is Lo Regression on Moselle
data and comparison with the Rhine Data t S].
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z=0.3 Top=25'C Ttnax=32 C

1,0

0,9

0,8

0,7

0,$

0,4

0,2

0,1

0,0
0 5 10 15 20 25 30

Temperature  'C!

Figure 4: The thermal limitation function G T!

C is the chlorophyll a concentration fmg/l!
Kc is the half-saturation constant: F Kc!W.S.F c! =

Kc+ C

The resulting curve is shown in Figure 5.
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Dreissena polymorpha feeds on a great variety of suspended particles in the water,
printarily algae or organic detrit'us, though it is widely recognized that phytoplankton
constitutes its prime food source in tertns of quality, For this reason, we ural planktonic
chlorophyll a data to build the F function in accordance with a Michaelis-Menten

relationship:



K c! = 0.4 p.g/L

0,9

D,8

D,6

e,4

0,3

D,D D 1D 20 3D 4D 50 80 7D 8D 90 'iDD
Chio rophyil 8  kg/L!

Figure 5: The food limitation function F c!.

n fth c

For the purposes of calibration, we used the data presented in Table 3,

We used the model to test the coefficients within the following range of values:

a = 1.5 to 2.5 mm, b = -0.070 to -0.094 week 1
Topt = 1S to H> 'C, Tmax= 25' to 32' C, z= 0.1 to 1.0
Kc =1 to 10 ii.g/L

Initially, the best coincidence between calculations and measurements for the
thermal and food functions was obtained with the following coefficients;

Topt= 22'C, Tmax = 32'C, z= 0,3

Kc = 4p.g/L
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It was found that coefficient a must be superior to 2 to reproduce weekly
increments corresponding to the data, due to the thermal and nutritional limiting factors; a
value of a = 2.5 was adopted.

At this point. it was necessary to determine coefficient b, for which an estimation

is given by the regression from our data  b=-0.086!. We found that the results are

extremely sensitive to this coefficient, which obviously infiuences the largest-sized
classes.

Figure 6 presents a comparison of calculations and measurements for three
values of b. Using the data on mussels on the PVC plates, the model shows that the
coefficient must be the lowest of these three values for good representation of the growth
of the largest-sized classes; a chscrepancy then appears, however, for the small sizes.

For the caged mnussel, real data is by default different from model calculations,
which we interpret as the result of growth-limitation due to gradual fouling of the cages.

11 n m 1 in m 1991 t

During this period, we built up a data file of mean weekly temperatures recorded
on site, chlorophyll a data collected in our measurement surveys, and data collected from

other sources. In the absence of data on chlorophyll in winter, we set this value at a
minimum of 1 5 rng/f for this period.

The Figure 7 presents the model results with three coefficient b values for the
five cohorts corresponding to the main larval settlement peaks during the 1991-1993
period. Initial shell length is taken as equal to 1 mm for each cohort.

The results synthesized in Table 4 show that coefficient b must be in the range of
-0,07 to -0.08 to find ~wth on the order of 15 mm during the first summer.
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Figure 6: Comparison of measurements of shell length and calculation of the shell
length with the growth model for 3 values of 1 coefficient. The data set is that camed out
on three cohorts: 91 April, 92 June and 93 June.
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Figure 7: Shell growth modelling of the 5 major cohorts of Dreissena polymorpha,
recorded into the Cattenorn cooling circuits from 1991 to 1993 with 3 b coefTicients.



1 991 1993199Z

Period week PeriodSL
mm

SL
mm

SLPeriod week

-0,07 June 91 24

October91 44
1.00 June 9Z 78

October 92 96
1.00

14.3S 1 S.54
April 92 66

October 92 9 6
April 93 118

October 93 148
15,Z8 1 6.69
26,31 26. 25

April 93 118

October 93 148
26,87 August 92

October 92
85

96

1.00

9. 5432.33

April 93 118

October 93 1 48
11.21

23. 71
-0,08 June 91 Z4

October 91 44
1.00 June 9Z

October 92
78

96

1.00

14.7613 7

April 9Z 66
October 92 96

April 93 118

October 93 148
14.52 1 S.81
24. 45 24.40

85
96

April 93 118
October 93 1 48

24. 96 August 9Z

October 9Z
1.00

9,2229.81

10.78April 93 118

October 93 1 48 22,14
-0,1 June 91

October 91
24

44

1.00 June 92

October 9Z

78

96

1.00

1 3.4612 52

April 93 118

October 93 1 48

13,25 14,34

Z1,4921,53

21.94 August 92
October 9Z

85

96

1,00

8,66October 93 148 25,91

April 93

October 93
10.02118

19.6Z

Table 4: iVfodelling the she/1 length  SL!, with three b coefficients in the range of -0,07
to -0 1 for the five cohorts: 1991 June, 1992 June, 1992 August, 1993 June and 1993
August.
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Apnl 92 66
October 92 96

April 93 1 18

June 93
October 93

August 93
October 93

June 93

October 93

August 93
October 93

June 93

October 93

August 93
October 93

130

148

138

148

130

148

138
148

130

148

138

148

1.00

14.80

1.00

7.22

1.00

14.08

1.00

7.04

1.00

1 Z.88

1,00

6.71



Conclusions

The data collcctcd during our three years of measurements and the growth
model we have used now provide us with a "biological profile" of the zebra mussel
population which is infesting certain circuits of the Cattenom plant.

Larvae are present in Moselle plankton between April �3 C! and the end of
October �0' C!, Their density is nonetheless at its greatest between June  June 16 in
1992! and August  August 23 in 1993!, in a range of tempcramves between 21' C and 25'

C, with two abundance peaks. Annual maxima are recorded at between 65 individuals

per liter and 452 individuals per liter.

Post-veligers settle between thc beginning of June  June 6 in 1991! and mid-
September  September 7 in 1993!, in a temperature range between 20.64 and l7.9' C.

Onc or two settlement peaks were also observed:

- Junc 18 �0.6' C! to July 12 �4 C!

- August   �5' C! to September 7 �7.9 C!

The maximum densities recorded on the artificial substrates are between

8,300 individuals per m2 and 68,800 per m2.

A simple mathematical model was implemented to calculate shell increments

in the long term. It is based on three functions representing the influence of size,
temperature and food availability  planktonic chlorophyll a!.

An adjustment of the coefficients enables taking into account the growth of
batches senled on the PVC plates.

While thc model overestimates the growth of small-size classes, it does
constitute a simple means of estimating the growth of zebra mussels on the walls of the
circuits needing protection. It is clear that the coefficients determined in this study can

most probably not be extrapolated to other populauons, nor even to the populations in the
Moselle. Thc condidons in the power plant circuits are indeed close to the optimum in
relation to water velocity �0-50 cmls!.
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The Impact of Zebra Mussels on Benthic Algal
Communities in Saginaw Bay, Lake HUron.

Robert W. Pillsbury and Rex L. Lowe
Bowling Green State University

Abstract

The rapid proliferation of zebra mussels  Dreissena polymorpha! in Saginaw Bay,
Lake Huron and their associated filtering activities was predicted to decrease densities of
phytoplankton and increase light penetration which should affect the lake's periphyton.
Quantitative periphyton samples were collected from natural substrata by SCUBA
throughout the photic zone monthly through the growing seasons of 1991  pre-Dreissena
colonization! and 1992  post-Dreissena colonization!. Productivity rates were tneasured
using carbon-14 in sealed acrylic chambers. Our data suggest that after Dreissena invaded,
light penetration, productivity, benthic algal biomass and chlorophyll concentrations
increased. This produced a shift from benthic diatoms to a flora dominated by filamentous
green algae  Zygnematales!.
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INTRODUCTION

Following the recent invasion of Dreissena polymorpha  the zebra mussel! into the
Great Lakes  Herbert et al 1989! populations have spread quickly and have reached high
densities in hospitable aquatic habitats  Garton and Haag 1990!. Habitats appearing to he
conducive to zebra mussel colonization and growth are those with suitable firm substrata
such as rock, wood, unionid clam shells and consolidated sand  Kachalova and Sloka
1964, Kemey and Morton 1970, Lewandowski 1976 and Wiktor 1963! and with ample
supplies of food  plankton!. Many areas in the Great Lakes meet the substrata
requirements for zebra mussels with an abundance of exposed sedimentary bed rock in the
lake basins, High densities of plankton that seem essential for the explosion of zebra
mussel populations {Deksbakh 193S and Zhadin 19SZ! are achieved in two ways.
Shallow nutrient-rich lakes or portions of lakes such as the Western Basin of Lake Erie
 Nicholls 1981!, Saginaw Bay, Lake Huron  Lowe 1975 and Mo11 et al 1980! or Green
Bay, Lake Michigan  Holland and Claflin 197S! are notorious for their rich and productive
plankton communities. Such areas ate expected to support high densities of Dreissena
polymorpha . A second way that Dreissena po lymorpha can increase its food supply rate
is through the colonization of intake pipes where flowing water increases the supply rate of
plankton.

In 1989 Dreissena po ymorpha densities in the Western Great Lakes were atnong
the highest ever reported for this species and exceeded levels observed in most European
lakes {Garton and Haag 1990!. Maximum densities of �00,000 individuals/m2 were
observed at Detroit Edison's Monroe Power Plant in August 1989  Kovalak et al 1990!.
By mid-summer, 1990 estimates of Drelssena polymorpha densities in the Western Great
Lakes ranged from 13,000/m2 on the soft bottom of Lake St. Clair where mussels use
unionid clams as a colonization epicenter  Hunter and Bailey 1990! to 30,000/m2 in the
Western Basin of Lake Erie {Garton and Haag 1990!. In 1991, as the wave of Dreissena
polymorpha propagules spread out from Lakes Erie and St Clair. Saginaw Bay in Lake
Huron experienced the initial colonists of this wave late in 1991 and numbers were
expected to continue to increase rapidly in the following years.

Dreissena polymorpha is a filter feeder and can pass relatively large sestonic
particles into its incurtent siphon, including its own veliger larvae  Maclsaack and Spurles
1990!. Individual mussels have a filtering capacity of from 10 to 200 ml/hr /day  Sprung
and Rose 1988 and Stanczykowska et al 1976!. Rates may vary by an order of magnitude
over a 24 hour period  Benedens and Hinz 1980! and are also a function of both water
temperature and mussel size  Hinz and Scheil 1972!, Dreissena polymorpha exhibits
feeding selectivity on the basis of size and shape of the sestonic particles  Morton 1969! as
well as their chemical nature  Ten Winkel and Davids 1982!, Selection is carried out
primarily by ciliary resorting currents on the labial palps  Morton 1969!. Ten Winkel and
Davids �982!, found that selection was positive for particles 1S-40 lcm but that algae with
gelatinous layers within the appropriate size range were rejected Rejected particles are
removed from the body compacted, capsulated in mucus and ejected back out the incurrent
siphon as pseudofeces. In either instance, passage into the gut or rejection in pseudofeces,
phytoplankton and other sestonic particles are removed frotn suspension in the lake and
deposited in the benthos. With densities of several thousand individuals/m2 the filtering
activity of Dreissena polymorpha can drastically alter the quantity and quality of lake
seston. In European studies Dreissena polymorpha has been observed to have a marked
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positive itnpact on water clarity  Stanczykowska er al 1976} and populations have even
been introduced into eutrophic lakes to reduce phytoplankton densities and essentially
tnediate "oligotrophication" of plank on-dense habitats. In Lake Erie water transparency
has increased dramatically following zebra mussel invasion. In 1988 maximum secchi disk
depth was 3,4 m whereas the maximum 1989 secchi disk depth was 6.5 m  Culver er al
1990!. This increase in water clarity is positively correlated with increases in Dreissena
polymorpha densities,

Although much of the data on rapidly changing Lake Erie is anecdotal, the rapid
increase in transparency was a common observation among many long time fishermen on
the lake. Over the course of our 1990 field season in the Catawba Island area of Lake Erie
 Lowe et al 1990! we observed an increase in underwater visibility from a few decirneters
in April to about five meters in October. Such changes are contradictory to past
observations on Lake Erie prior to Dreissena polymorpha invasion  Holland, 1993}.

Greater water column transparency should result in increased depth of light
penetration with a resultant increase in the area of the sunlit eulittoral zone. This
phenomenon should favor the growth of macrophytes and benthic algae. In addition the
rain of fecal and pseudofecal pellets onto the lake bottom should enhance nutrient supplies
to benthic algae With a reduction of phytoplankton densities the relative importance of
benthic algal production to lacustrine food webs should increase  Lowe er al 1990!.
Although the majority of Great Lakes' productivity is pelagic, lake littoral zones are areas
of intense surface-associated pritnary productivity, often contributing a significant portion
of a lake's fixed carbon  Wetzel 1983! and providing critical habitat space for many
invertebrate and vertebrate species. Some of the ramifications of this hypothesized spatial
shift in algal biomass from pelagic to benthic may already be appearing in Lake Erie.
Increases in such benthic organisms as Gamrnarus and gastropods have been observed
 Dermott er al 1990 and Lowe personal observation!. Many of the changes in the
relationship between Dreissena polymorpha, phytoplankton and benthic algae were
documented as secondary observations or anecdotal information gleaned from on-going
research not focused specifically on this phenomenon  but see Monoca er al in press!.
Thus, records on benthic algal communities arid levels of benthic productivity in Lake Erie
prior to Dreissena polymorpha invasion are, poor or nonexistent.

Saginaw Bay in Lake Huron is similar in many ways to Lake Erie, It is relatively
shallow, receives nutrient loading from streams in agriculturally dominated basins and
supports relatively high phytoplankton densities with associated low water transparency
 Moll et al 1980!. Prior to the summer 1991 populations of Drei ssena polymorpha were
essentially absent in Saginaw Bay but were anticipated to invade and spread rapidly. These
circumstances provided us with the opportunity to examine the structure and function of the
benthic algal community of Saginaw Bay before and after zebra mussel-mediated changes
in water clarity.

The objectives of this investigation were to determine the impact of increased
densities of Dreissena polymorpha on benthic algal  periphyton! community structure and
carbon fixation rates. We hypothesize that increased zebra mussel densities would lead to
increased water clarity resulting in increased benthic algal density and carbon fixation rates.

MATERIALS AND METHODS

Study Site- Saginaw Bay, a large embayment of Lake Huron  figure 1!, is a relatively
shallow basin with high nutrient and phytoplankton concentrations  Vollenweider er aL
1974, Smith er aL 1977, S toerrner er al. 1982, and Kreis er al. 1985!. Bedrock or large
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Figure l. A map of Laire Huron with an enlargement nf bragi naw Bav. The research site i s
approximately ld km north-west of Charity island.

cobble which composes most of the benthic substrata is ideal for zebra mussel colonization.
Our study site was located near the center of the bay, approximately 2km north of Charity
Island  N 44,03.10. W 83.2631!. This off shore location minimized the effects of human
disturbances and storm runoff on the benthos. The site also afforded us a relatively wide
range of depths �.5 to 7m! within the biologically significant portion of the littoral zone.
This range of depth is representative of most of Saginaw Bay. Sampling efforts were
concentrated mainly at 2.5m  range = 2.2-3. 1 m! and 5.5m  range = 5.0-6.0m!.

Zebra Mussel survey- Zebra mussel densities during 1991 and 1992 were measured at
least every tnonth throughout the mowing season by SCUBA divers. I'n 1991 divers
placed 5 quadrats  '0.25 m2! randomly over bedrock or cobble 5 times on each sampling
trip. Zebra mussel densities were recorded. Divers also collected 7 to 10 rocks randotnly
along a transect. Attached zebra mussels longer than I.Omm were enumerated on each rock
and the exposed surface area of the rock was calculated so that zebra mussel densities could

578



be determined. Both survey techniques were done at 2.5m and 5.5m in 1991. In 1992,
zebra mussels were assayed only by collecting rocks at both depths,

Benthic Productivity- In 1991  during June, July, and August!, and in 1992  during
June, July August, and October! three rocks were gathered randomly by divers and each
was immediately placed into separate, clear, acrylic, incubation chambers �.0L! similar in
function to those described in Loeb �981!. Each chamber was placed at the depth where
the rocks were collected  either 2.5m or 5.5m! and injected with 20 pci of labeled carbonate
� C! and mixed with the attached mixing bulbs  figure 2!. The chambers were left on the
bottom to incubate for 3,5-4 hours and then brought to the surface. At the time these
chambers were collected, an additional rock was placed in another chamber, injected with
labeled carbonate and mixed as described above for each depth, and immediately brought to
the surface with the rest of the chambers. These extra rocks were used as a "time zero"
control for carbon uptake. The rocks. were taken out of the chambers, rinsed and stored on
ice in a dark cooler. Back on shore, each rock was scraped clean of periphyton  and zebra
mussels, if present! and the samples were placed in a blender and homogenized for 15 s.
One rnl of the resultant slurry was placed into a scintillation vial in which 1ml of 0.05N
HCl was added to volitolize any labeled carbonate that was not organicaily bound. Each
vial had 10 ml of scintillation cocktail added. The sainples were analysed on a Packartl Tri-
Carb 460 scintillation counter and corrected for quench rates. Data were log-transformed
 base 10! and a t-test was applied to comparable dates from each year to compare net
carbon uptake trends in 1991 and 1992.

Chlorophyll analysis- Divers collected 6-10 rocks from 3 depths in the 1991 field
season �.5m, 2,5m, and 5.5m! and from 2 depths from the 1992 field season �.5m and
5.5m!. Rocks of an appropriate size �-20cm total length! at the specified depths were
gathered at random along a transect and each carefully placed into Zip Lock freezer bags to
prevent the loss of loosely attached periphyton. These bags were then brought to the
surface and stored in coolers. Within 24h of collection, the rocks were scrapped clean of
periphyton and zebra mussels  if present!. The scraped marerial was then blended for 15 s.
A subsample of this slurry was filtered onto a glass fiber filter  pore size �.5um! and
frozen. Another subsample was collected and preserved with formalin �.0%!. This
portion was later analyzed for algal composition  see community structure section!.
Chlorophyll concentrations were determined with the tricolometric method  Jeffrey and
Humphrey 1975! using a Perkin Elmer Lamba-6 UV-Vis spectrophotometer. A t-test on
the log-transformed  base 10! data was conducted on each depth from 1991 and 1992 to
determine annual differences in pigment concentration over different depths.

Community structure- A subsample of each periphyton slurry was collected and
preserved in formalin �,0%!. At least 3 samples were examined from each depth using a
Palmer-Maloney counting cell and a Baush and Lomb microscope at 430x. At least 300
cells were counred and identified to species from there samples when possible using
Prescott �952!, and Taft and Taft �971!. Diatom slides were prepared by oxidizing part
of the subsamples with 30% H2O2 and K2Cr2O7. After diluting and decanting the
solution several times, the samples were placed on a cover slip and dried. The cover slips
were then mounted on slides with Naphrax mounting medium  R. I.=1.7!. At least 300
diatom valves were identified and counted  at 1000x! from each sample. The information
from the cleaned diatom counts was used to help identify "live" diatoms from the Palmer-
Maloney cell counts. Only whole valves were counted. Biovolumes were calculated by
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Figure 2. Productivity chamber used for <teterntining carbon-fixation rates. A/ mixing
bu/b, B! syringe port. C! acrvlic/id, 0! aery/ic chamber, E! rock. F! periphyton.

using the average dimensions  taken from measurements of at least 10 cells for each taxon!
and applying them to standard geometric forms which approximated the shape of each
taxon, A t-test was performed on log-transformed  base 10! data collected at the same
depths and nearly the same dates in 1991 and 1992 to help determine dilferences in density
patterns.

RKSUI. TS

Zebra nanssel survey- IVo zebra rnussels were seen until July,1993  fjgure 3! when
Iow densities were estimated from both the quadrats and rock samples with the quadrat
technique giving a higher estimate. Zebra mussel densities had increased greatly by late
August l991. The rock gathering technique yielded densities of 17,000/m- while the
quadrant technique yielded densities of 206/m2 ln October, 1991 densities on gathered
rocks were 47,000/m2. The quadrat method was not performed due to storm conditions.

During the 1992 sampling season the zebra mussel densities generally continued to
increase and reached a peak of 115,000/m2. The quadrat method was not employed that
season and all densities are from collecting rocks.

Community stmctnre- The most striking difference between the 1991 and 1992
seasons was a substantial increase in benthic algal biovolume in 1992. This increase was
most notable at 2.5m where the average biovolurne in late summer ofl992 was almost 6
times greater than in 1991   figure I!. This relationship was significant  p   0,0005!. Algal
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Figure 4. Total benthic algal biovolume  mm lcm~!plotted against time in Saginaw Bay,
Lake Huron at 23m. The open squares and dashed lines represent algal biovolume in
1991  low -ebra mussel densities!. The closed diamonds and solid line represent algal
biovnlume in 1992  high -ebra mussel densities!. The error bars represenr standard error.
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Figure 3, Zebra mussel densities plotted against rime for l99l and l992. Densities were
determi ned bv randomlY sampling rocks in rhe area. The open squares represent -ebra
mussel densi ties at 2.5m and the closed diamonds represent �-ebra mussel densiries ar 5 5m.



biovolume was significantly  p < 0,005! greater in 1991 compared to 1992 in early Junc at
5.5in. In 1992, benthic algal biovolume increased throughout the sampling season until a
sharp decline in late September, By late August benthic algal biovolume was significantly
greater  p < 0.0001! in 1992 compared with samples near the same time in 1991  figurc 5!.
In 1991 the peak biovolume for both depths was reached in June and tended to decline over
the rest of the sampling period. In 1992, following zebra mussel colonization the area  as
well as the rest of the bay! the June samples were some of the lowest biovolurne averages
found for the season  figure 5!,
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Figure 5. Total benthic algal biovolume plotted against time in Sagi naw Bay, Lake Huron
at 55m. The open squares and dashed lines represent algal biovolume in 1991  low zebra
mussel densities!. The closed diamonds and solid line r epresent algal biovolume in l992
 high zebra mussel densities!. The error bars represent standard error.

The benthic algal flora in 1991 was dominated by diatoms that were mainly
responsible for the high biovolumes in June. Diatom biovolumes were significantly higher
in 1991 when compared to similar readings during 1992 at 2.5m for late June  p < 0,005!,
August  p < O.OS!, and late September-early October  p < O.OS!. At 5.5m, diatom
biovolutne was significantly higher in 1991 for comparable readings during early June  p <
0.01!, 1ate June  p < O.OS!, and July  p < 0.01!. Although diatoms were iinportant in both
depths, they were relatively morc important at greater depths  figurcs 6 and 7!. In 1992,
green algae became dominant throughout the sampling season except for early June. Green
algal biovolume at 2.5m was significantly greater  p < 0.005! in August of 1992 than
during August of 1991. At 5.5m, 1991 had significantly more  p < O.OS! green algal
biovolume than 1992 in early June, Green algal biovoluinc from 5.5in for 1992 was
greater than 1991 for July  p < O.OOS! and August  p < 0.000005!. The green filamentous
algae Mougeotia and Spirogyra were responsible for the large peak in biovolume during
July and August in 1992  figurcs 6 and 7!. The biovolume of diatoins decreased frtim their
1991 levels in 1992. Blue-green algae were not an important component of this systein.
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Figure 6, Benthic biovolurne of diatoms  squares! and green algae  circles! plotted against
time in Saginaw Bay, Lake Huron at 25m, The closed symbols and dashed line represents
algal biovolumes in l99l  low zebra mussel densities!, The open symbols and solid line
represents algal biovolumes in l992  high zebra mussel densities!. The error bars
represent standard error.

0,0
140

Figure 7, Benthic biovolume of diatoms  squares! and green algae  circles! plotted against
time in Saginaw Bay, Lake Huron at a depth of 5.5m. The closed symbols and dashed line
represents alg al biovolumes in 199l  low zebra mussel densities!. The open symbols and
solid line represents algal biovolumes in l992  high zebra mussel densities!, The error
bars represent standard error.
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Chlorophyll- The chlorophyll-a concentrations  figures 8 and 9! generally follow the
txends of total algal biovolume  fiigures 4 and 5!. However, there were often not sigtuficant
differences between depths from the same date. In early June the chlorophyll-a
concentrations for 1991 and 1992 were not significantly different in the shallow depth but
1991 was significantly higher  p < 0.001! at 5.0-6.0m. In rnid-late June, for both shallow
and deep depths 1991 values were significantly higher  p < 0.001 and p < 0.0005
respectively!. In late July, the deep sites for 1992 showed an increase in chlorophyll-a
while 1991 values decreased  due to missing values, the shallow depths were not
coxnparable!. Deep chlorophyll values for July of 1992 became significantly greater than
those of July 1991  p <0.005!. The shallow depths for 1992 were significantly greater  p
< 0.05! while the deep samples were not significantl different in late August chlorophyll-a
saxnples. The shallow samples for 1991 were significantly greater  p < 0.005! while deep
saxnples for this time in 1991 were not collected for late September to early October.

Productivity- In 1991 the productivity of the benthic community was measured in June,
July, and August and only at deep sites. In 1992 benthic productivity was measured &om
early June to late September at the deep site and early to late June at the sha11ow site. Net
carbon uptake was higher on average  around twice as much! in 1992 compaxed to similar
dates in 1991  figure 10!. However only in late July of 1992 were the values significantly
greater  p < 0.05!. When comparable, productivity also had a higher average in the
shallow site compaxed to the deeper site in 1992.

DISCUSSION

Zebra mussel densities- Although we are treating 1991 as a pxe-Dreissena invasion
period, significant zebra mussel population started to develop in August at our site  figure
3! and throughout the bay  Nalepa, personal communication!. In July 1991, when zebra
mussel densities were very low, the quadrat method seemed to give a higher estimate of
density. This was probably due to the quadrat tnethod's ability to sample a grater area
 and hence, more likely to include rare druses of zebra mussels! than the rock collecting
method. When zebra mussel densities increased, the rock gathering method gave xnuch
higher estimates, a function of zebra mussels preferentially colonizing the underside of
rocks. The quadrat method will therefore underestimate densities in cobble substrates
unless the underside of each rock in the quadrat is examined, Thus, even though sizable
densities of zebra mussels were developing at the end of the 1991 sampling season, the
rock surfaces facing up remained essentially clear of zebra rnussels. Therefoxe, there was
little direct competition for substrate space between zebra mussels and periphyton during
this time. There is some evidence to suggest that zebra mussels may have had an impact on
the plankton during the fall  Napala 1994!. Therefore the periphyton may have also been
affected indirectly but no data exist for Saginaw Bay periphyton at this time.

In 1992 the zebra mussels were dense enough to conceivably have an impact on the
spring plankton blooms. Nalepa �994! reports chlorophyll-a levels in the plankton to be 4
times lower than the ten year average for the bay. Also in 1992, the zebra mussels have
colonized the upper surfaces of the rocks thereby changing the colonizing substrata for
periphyton.

Community Structure- As the zebra mussels invaded Saginaw bay, the pexiphyton
biovolume greatly increased and switched from a diatom doxninated community to a
comtnunity dominated by green algae. This was tnainly due to an increase in filamentous
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Figure 8, Concentrations of benthic chlorophyll-a at 25m for 1991 low zebra mussel
densities, dashed line! and 1992  high zebra mussel densities, solid line! plotted against
time in Saginaw Bay, Lake Huron. Error bars represent standard error.
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Figure 9. Concentrations of benthic chlorophyll-a at 55m in 1991 low zebra mussel
densities, dashed line! and 1992  hi gh zebra mussel densities, solid line! plotted against
time in Sagi naw Bay, Lake Huron. Error bars represent standard error,
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Figure 10. Benthic producri vity of Saginaw Bay  mmole C m-2 hr l! plotted against time.
Open symbols represent shallow depths �.2-3.2m! and closed symbols represent deep
depths �,0-6.0m!. The years1 991  low zebra mussel densities, dashed line! and 1992
 high zebra mussel densi rie, solid line! are shown. Error bars represent standard error.

green algae  mostly Spirogyra sp. and Mougeotia sp.!. Although we have no direct
evidence, this was probably caused by an increase in the amount of light received by the
periphyton due to zebra mussel predation on phytoplankton, Filatnentous green algae have
been shown to quickly react to increased in light by dramatic increases in their biomass
 Stokes 1984, Shortreed and Stockner 1983, and Sheath et al. 1986!.

Nutrients are also likely to be morc plentiful to the periphyton after zebra mussel
colonization for several reasons. With the decrease in phytoplankton there wiU be less
competition for nutrients for the periphyton Also the deposition and decomposition of
both the feces and psudo-feces could be a rich new source of nutrients for the periphyton.

The natural rock substrata had also changed. Since nearly aH the available rock was
covered with zebra mussels in 1992, the benthic colonizing surface has become much more
complex and the available colonizing area for periphyton has increased many times. The
feces and psudo-feces and other detritus can now collect between the mussel shells rather
than being washed into deeper zones by the waves, These rich organic pockets between
the zebra mussel shells may be more suited for an epipelic community rather than an
epilithic community. This may have contributed to the changes observed in the periphyton
community,

The period of peak periphyton biovolume shifted after the zebra mussel invasion
from early June in 1991 to late August in 1992. Much of the filamentous green algae
became detached late in the summer and washed up along the shores in large masses which
closed beaches near Bay City.

Chlorophyll- The 1992 Chlorophyll-a concentrations were higher than the 1991 levels.
This is another indicator of the greater periphyton biomass that appeared after the zebra
mussel invasion. In general, the trends seen in chlorophyll concentrations follow closely
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Fi gure I I, The raito of benthi c chlorophyll  pg!: benthi c alg al biovolttme  pnP! Saginaw
Bay at 25m plotted agai nst time. Open symbols and dashed line represent data from I99I
 low zebra mussel densities! while closed symbols and a solid line represent l992  high
zebra mussel densities!,

the changes in periphyton biovolume through time. This relationship is not as clear when
comparing benthic chlorophyll-a concentrations and periphyton biovolumes across depth.
There is often significantly greater biovolume at 2.5m compared to 5.5m  as expected, due
to the higher light levels!, but this trend is often not followed by the corresponding
chlorophyll-a levels. This is because algae can adjust their chlorophyll levels to
compensate for lower light but do not normally change their cell volume. The ratio of
average chlorophyll-a concentrations to average benthic algal biovolume for the same
samples is shown in figures 11 and 12 Note that at '2.5, the chlorophyll: biovolume ratio
is much lower in 1992, This may indicate that the total benthic algal biovolume in 1992
was not hght limited while in 1991 it may have been  figure 11!. For the deeper samples,
there is no clear pattern  figure 12!. This suggests that while samples in 1992 showed
significantly more biovolume, they may have been soll light limited.

Productivity- The productivity of the benthic community increased after the
establishment of zebra mussels. Again this was probably due to the increase in light and
algal biomass. We did not attempt to calculate respiration rates of the community using a
"dark bottle" procedure because of the confusion over its interpretation. However this
increase in carbon assimilation is in agreement with increases found in benthic algal
biovolume and chlorophyll concentrations.

Conclusion- Our data suggest that as the zebra rnussels invaded Saginaw Bay,
periphyton biomass, chlorophyll a concentrations, light penetration, and net periphyton
productivity all increased. This supports our hypothesis that phytoplankton is in
competition for resources  i,e� light and nuirients!, Light energy that would have normally
gone into phytoplankton production is now being used by the underlying periphyton.
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Figure l2. The raito of benthic chlorophyll  pg!: benthic algal biovolume  pm ! Saginaw
Bay at S Sm plotted agai nst time. Open symbols and dashed line represent data from l99l
 low zebra mussel densities! while closed symbols and a solid line represent l992  high
zebra mussel densities!.

Although we have not yet quantified our observations, there seems to be a corresponding
increase in the abundance of organisms that utilize benthic algae  Gamerous sp., crayfish,
and sculpins!. This may be a fruitful area for future research as many orgatusms from
higher trophic levels may take years to respond to this increase in benthic food resources.
Saginaw Bay is not currently at equilibrium and many more changes are expected as the
entire system adjusts to changes generated by Dreissena polymorpha.
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Oreissena in Cooling Ponds of Power Plants in
Ukraine:

Structure-Functional Aspects

Alexandera Protasov and Olga O. Sinitsina
Institute of Hydrobiology

Ukranian Academy of Sciences

Investigations of Dreissena in cooling ponds of Nuclear Power Plants  NPP!
and Thermal Power Plants  TPP! are influenced by several unique features of these
facilities. The peculiar thermal regime influences processes of Dreissena reproduction
and metabolism. The presence of abundant solid substrate creates conditions for
Dreissena 's abundant development.

Power plant cooling ponds may serve several important purposes:
�! The invasion of Dreissena into these newly-created artificial water bodies

can serve as a model of zoogeographical processes in regions where it is a typical
component of the hydrofauna;

�! At the northern edge of Dreissena distribution cooling ponds can be refugia
and sources of secondary invasion to nearby water bodies;

�! In the cooling ponds the double role of Dreissena  in water purification and
biofouling! is displayed very significantly.

The invasion of Dreissena polymorpha to new geographic regions must be
considered in a broader sense than simply the apl:earance of a new species.
Completely new periphytic and benthic communities have appe:red in fresh waters
with the appearance of Dreissena some centures ago in Europe and 6-8 years ago in
North America. This community is similar to ecological morphotypes found in
marine systems. So we must examine Dreissena in connection with the peculiarities
of communities that it forms and dominates.

According to our research there are more than 100 species and forms of
invertebrates in Dreissena communities. The structure-functional indices of Dreissena
cornrnunities vary widely: from 1,600 to 1,230,000 ind./m'  number! with a
Dreissena percentage from 1.5 to 99%; 0.3-20,000 g/m'  biomass! with Dreissena
comprising 90-97% of the total biomass; 215.8-4900.0 KJ/rn'  energetic equivalent of
biomass!; 2.1-29.7 KJ/m' h  respiration!.

Dreissena can create dense colonies. These colony types  brushes, druses,
aggregates of druses! are defined by environmental conditions  Protasov, Afanasyev,
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1984!. The spatial structure, biomass and species diversity were taken as a basis for a
Dreissena community classification system  Protasov, Afanasyev, 1990!. Six types of
communities were distinguished.

A juvenile type of community is characteristic for communities of temporary
habitats where Dreissena is dominant and its biomass is about 10 g/m'. The non-
aggregated dominant community type develops from the juvenile type; molluscs have
no ties between them, and the typical biomass is about 100 g/m'. The type of
community that forms in extreme conditions  e.g. temperature, flow, etc.! is
horologicaly closed and Dreissena is only rarely present. The primary aggregated-
dominant community type is based on such spatial structures as "brushes" and druses
of mussels. This type is usually present in mean temperature zones of cooling ponds
in lentic conditions. The observed biomass is usually about 1000 g/m'. The
secondary aggregated-dominant community type is composed of druse aggregates.
This type is usually present in the intake canals of power plants, in which the biomass
is several dozens of Kg per m'. It should be distinguished as a subdominant type,
where another species can also be subdominant  Spongia, Bryozoa!. In every type a
10-fold increase of biomass takes place. Thus for reaching a biomass of about 100
Kg/m' it is necessary to form a new spatial structure.

In cooling ponds hydrodynamic peculiarities and thermal regimes create
conditions for the formations of various Dreissena communities. Thus, in the cooling
pond intake canal of the Chernobyl NPP the most stable was the secondary
aggregated-dominant community type. Thirty-six species of invertebrates were found
there with densities reaching 1.2 inillion ind.lm', the biomass was about 16.7+3.5
Kglm', species diversity was 2.4 bit/ind. and 0.03 bit/g. In Dreissena polyrnorpha
communities of the primary aggregated-dominant community type � which were
located in the mean temperature zone  below 25'C! on solid substrata � 28 species of
invertebrates were found. The density was approximately 180,000 ind/m', biomass
was 8.9+2.3 Kg/m', species diversity was 2 1 bit/ind, and 0.1 bitlg. In the zones
which were situated near the discharge of heated waters some communities were
observed with species typical of high temperature conditions: Dreissena polyrnorpha
+ Prisrina aequisera, D. pobyrnorpha + Aeolosoma hernprichi. The biomass in these
zones can reach the value of 1 Kg/m', but these communities are not stable and can
be transformed into communities of extreme conditions with a biomass of several
hundred g/m'.

In cooling pond ecosystems the functional importance of Dreissena could be
determined in different aspects: transformation of organic matter, accumulation of
various elements  e.g. heavy metals!, participation in partitioning of nutrients between
filterers and the detritus food chain, alteration of spatial structure of habitat for other
organisms, biohindrance in water treatment  Walz, 1973; Stanczykowska, 1977!. The
calculation of functional indices for Dreissena communities is grounded on the
metabolic oxygen data for communities studied in the field using chambers designed
by Protasov A A, et al. �987! and the relationship between the rate of Dreissersa
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oxygen consumption  R: mg 0>/h! and body weight  W: g fresh weight with shell!
calculated by field and experimental data.

R =0.035W  under 20 C!

R =0.096W  under 25-30 C!.

The dependence of Dreissena caloric composition  Q: cal.! upon mass  W: g fresh
weight with shell! was approximated by the equation:

Q =0.26W+  Sinitsina, 1989!.

Our study showed that the highest level of energetic parameters were recorded
for Dreissena communities of the secondary aggregated dominant type �236.2-4926.0
KJ/rn  B!, and 21.1-29.7 KJ/m ~ h  R!, which were located at water intake sections2 2

of cooling ponds. Perennial and seasonal dynamics have shown high stability of these
indices. Under increasing water temperature and long-duration periods of high
temperature a decrease of these parameters was observed. For example, in 1984-
1985 in the cooling pond of the Southern Ukrainian NPP  during this period the pond
was under a moderate thermal load, water temperature did not exceed 30~ C at the
discharge site! Dreissena dominated practically all habitats. Respiration of Dreissena
communities was rather high: 10.6-12.2 KJ/m~-h �985!. In the next year, when the
water temperature rose to 37'C, the elimination of Dreissena was observed up to a
depth of 7 m and respiration decreased to 0.04 KJ/mz h  energetic equivalent of
biomass was 451.7 KJ/mz!.

At temperature ranges frown 11 C  spring and autumn! to 33 C  summer! the
intensity of metabolism of the Dreissena community varied from 0.0030 - 0,0094 h '.
The increasing amount of energy dissipated via respiration per unit of energy in the
community could be explained by different rates of these parameters under different
temperature regimes. An increasing R/B ratio indicates an increased amount of
energy needed to support the biomass of a community.

The role of Dreissena in the-bioaccumulation of certain chemical elements is
significant. At Kuchurgansk cooling pond of Moldova TPP the population of
Dreissena contained 107 mg/g Mn, 130 mg/g Al, 32 mkg/g Ti, 22 mkg/g Ni, 0.7
mkg/g V  Toderash, Zubkova, 1989!. Calcium is an essential chemical element for
shell formation. In the summer season when significant production of Dreissena
occurred they utilized more than ten tons of calcium in the cooling pond of the Krivoy
Rog TPP.

Filtration activity of Dreissena was calculated from respiration parameters,
assuming that 910 ml of water were filtered per 1 mg of consumed oxygen  Aliinov,
1981!, In the periphyton of cooling ponds of Chernobyl NPP �! and Krivoy Rog
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TPP �! Dreissena filtered 817,000 - 1,410,000 m and 561,000 - 2,260,000 m~ of
water per day respectively, an amount equal to approximately 1-6% of the total
volume of the cooling ponds. In the benthos of these ponds rates of filtration by
Dreissena were higher: 6,720,000 �! and 4,350,000 - 6,340,000 �! m per day or
from 7.2 to 11% of the total cooling pond volume. Assuming suspended matter
concentrations of 15 mg/1, Dreissena were responsible for the sedimentation of an
average of 19 tons/day  periphyton! and 80 tons/day  benthos! of suspended matter.
This affected the water quality significantly.

The estimated flow of energy through Dreissena communities  for example, in
cooling ponds of Chernobyl NPP! calculated with K2=0.2  Alimov, 1987! was 12.2-
81.4 KJ/m2-h at the zone of minimal heating effect. The largest portion of energy
fiow is involved in transformation by Dreissena communities in the zone of minimal
heating at depths 1.5-3.5 m  86-98%!. Average energy flow through Dreissena
communities in cooling ponds of Chernobyl NPP, considering total flooded area, was
49.6 X 10 - 130.0 X 10 KJ/day

Dreissena as a habitat creating factor are important for benthic and periphytic
organisms. Spatially complex "settlements of Dreissena create favorable
microhabitats for small organisms Thus, the abundance of Oligochaeta in Chernobyl
NPP cooling ponds has increased froin 17,000 to 39,000 ind./in~. Significant
correlations were observed between the biomass of Dreissena and the density of
Oligochaeta.

Creation of various manmade structures can promote increases in Dreissena
abundance and increase the potential destructive role of this organism in ecosystems.

Comparative analyses of periphyton on the concrete facing of a water body
dam and a stone dam in the cooling ponds of the Chernobyl NPP and the Krivoy Rog
TPP have shown that structure-functional indices rose 5-1l times in 1 m of
heterogeneous habitat. Dreissena on the stone dam filter about 1.3 m of water per
hour; on the concrete they filter about 0.3 m per hour.

The presence of canals  intake and discharge! is a construction peculiar to
cooling ponds. Lotic conditions are optimal for communities dominated by filtering
organisms. Thus, in the cooling pond of Chernobyl NPP the total biomass of
Dreissena has reached 750 tons.

Intensive development of Dreissena on sections of intake canals of power plant
cooling ponds creates a precondition for the appearance of biological disturbances of
water supply. Our investigations have shown that the main disturbances were
connected with Drefssena located along the intake zones of cooling ponds.

Thus, the structure-functional approach for investigations of Dreissena
communities will permit a better estimation of the diverse role of Dreissena in
different ecosystems.
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ABSTRACT

The goal of this study, conducted at the Times Baach Confined Disposal Facility
 CDF!, was to detertnine if the zebra mussel can effectively bioaccumuate PAHs in a
CDF, The concern being; is there the potential of zebra mussel induced PAH
bioaccumulation along the food web? To answer this question two issues were
addressed; 1! water and sediment quality evaluations at the CDF through both analytical
techniques and toxicity tests and "! an in-situ bioaccutnulatiori studys to determine
potential bioaccumulation of polycyclic aromatic hydrocarbons  PAHs!. Analytical
evaluation of the sediment indicated elevated concentrations of total PAHs, including a
hot spot of 480 ppm, Biological toxicity of the sediment was evaluated by the 10 dav
Daphnia magna whole sediment toxicity test, resulting in significant impairment of both
survival and reproduction. Chemical evaluation of the water samples showed no
measurable concentrations of total PAHs at detection Iiinjts of 0 pip mgiI.. These
findings were supported by the 48-hour Dapiin>< ~<gn~ survival elutriate toxicity test.
where toxicity was apparent but not adequate to generate an LC50 in any satnple. In the
Fal[ of 1993 the 30-day in-situ study was conducted to de,terrnine zebra mussel
bioaccumulation potential. The recollected tissues showed over a ten fold increase in
total PAH concentrations compared to those collected at Day p. The collected tissues
from mussels placed both in the water column and the sediment showed that zebra
mussels do bioaccurnulate PAHs,
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INTRODUCTION

Objectives

The spread of the zebra mussel, Dreissena poIymorpha, in North America
raises many potential environmental concerns. Among these, the potential for
contaminant bioaccurnulation demands study. Zebra mussels have a relatively high
bioaccumulation potential, this aspect combined with their high filtration rates, could
prove to be an environmental hazard, as zebra mussels build up large populations in
contaminated areas  Fisher et al. 1993; Reeders and Bij de Vaate 1992!. Assuming
zebra mussels can accumulate and concentrate these contarninants, bioaccumulation
and biomagnification of contaminants may occur through the food web, In addison
if the mussels are in a location where they must be removed periodically, zebra
mussel waste may be contaminated.

This study is part of a project being conducted by the U, S. Army Corps of
Engineers Zebra Mussel Research Program. The Zebra Mussel Research Program
deals with many aspects involving zebra mussels; however, this phase concerns
contaminant issues, In particular contaminant bioaccumulation, resulting in
environmental concerns through the food web or in mussel disposal. A combination
of toxicity tests and chemical evaluations were performed to determine mussel
placement and as a predictive measure to determine ecosystem stress  Swartz et aL
1990; Burton et al. 1987; ASTM 1991b!. Zebra mussels were then used as
bioindicators to determine total polycyclic aromatic hydrocarbon  PAH!
bioaccumulation potential in a location of known contamination. If zebra mussels
survive in the system, can they effectively accumulate contaminants.

The objectives of this study were �! site characterization which was
accomplished by a combination of toxicity tests and chemical evaluations and �!
determination of zebra mussel PAH bioaccumulation potential in a CDF,

Background - Site Location

The Times Beach Confined Disposal Facility  CDF! in Buffalo, New York
was the chosen site location, as it is an area of documented contamination
 Marquenie et al. 1990 and Stafford et al. 1991!. The CDF lies close to the mouth
of the Buffalo River and is separated by a dike from Lake Erie. The 186,000 mi
site received dredged sediment from the Buffalo River. The dredged sediment
consisted primarily of contaminants &om industries located along the waterway.
The industries present were an oil refinery, two steel plants, an aniline dye chemical
plant and milling facilities. The dredging operations occurred form 1972-1976.
During this time the CDF was colonized by plants and birds and provided a habitat
for over 22 species of resident and migratory birds, On the request of the Buffalo
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Ornithological Society, through the city of Buffalo, the site became a designated
nature preserve and was left partially filled  Stafford et al. 1991!. The elevation of
dredged material decreased from around the disposal pipe towards the dike
constructed around the site, resulting in upland, wetland and aquatic areas. In this
study we dealt only with the aquatic area. this was an ideal location as we were
provided with an area of known contamination, in which we could place zebra
rnussels for biomonitoring. Environmental concerns at this facility include the
potential of contaminant leakage into the water column, acute and chronic toxicity to
organisms inhabiting the site and the bioaccurnulation of contaminants from the
sediment through the food web.

METHODS

SITE CHARACTERIZATION

Sediment Collection and Storage

In 3une 1993 the Times Beach CDF was partitioned into 16 sites. At that
time water and sediment for analysis were collected at each of the 16 sites. Site
determination for the toxicity tests was done by grouping four sites into a plot
making four plots. Water for use in the sediment toxicity tests was collected in the
rniddle of each plot. Sediment was collected at each site This sediment was later
made into plot sediment composites for use in the toxicity tests.

Nearby Grand Island was the reference site for the sediment toxicity tests.
This site was picked in accordance with the requirements set by the USEPA/USACE
�990!. The reference point approach was used, as Grand Island sediment was
collected from a single reference sediment sampling point. The justification for using
Grand Island as a reference area is that sediment has a similar grain size and is
environmentally similar to the Times Beach site without the addition of dredged
material and has been found to be relatively uncontaminated  StaQ'ord et al 1991!.

All water for toxicity tests was collected in 20-liter plastic containers, on ice,
and sent overnight to the laboratory. Upon arrival the containers were stored 4 'C
until the toxicity tests were performed. Sediment was collected with an Ekman grab
sampler at all sites, This sampler is a precise sampler which is efficient in less
compacted, fine grained sediments  Downing 1984!, such as the dredged material
observed at Times Beach. Immediately after collection, sediment for toxicity testmg
was placed in labeled doubled plastic 3.8 L ziploc bags. The sediment was utilized
within 6 weeks of sediment collection.

Culturing of Test Organisms

All sediment tests were performed with the cladoceran, Daphnia magna,
which were cultured in aged tap water. The Oaphnia culture were fed every other
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day with a 6 mg/L tri-algal mixture of rfnkistrodesmus jalcatus, Chlamydomanas
reinhardi, and Chlorella vulgaris. The tri-algal mixture was kept refrigerated and
thawed to room temperature before feeding, On between-feeding days the culture
media was stirred. Individuals were placed in fresh media twice a week, The
Daphnia were maintained at 25 +/- 1' C, with photoperiod as 24 hours of standard
florescent lights  USEPA 1991!. Three weeks prior to the start of a test, individual
cultures were started with young from adults less than one week of age, having a
3rd or higher brood  Biesinger et al 1987!. Each individual was placed in 150 ml
of culture water in a 250 ml beaker. Young picked for the testing had to come from
the above organisms. In addition, young used for testing had to meet standards set
forth by  ASTM 1991a!. For all transfers in both culturing and testing the
organisms were transferred by a fire polished pipet of 6 mm bore.

Elutriate Toxicity Tests

The sediment and water samples from each plot were stored at 4'C after the
June 1993 collection, until the sediment toxicity tests began in July 1993. The
elutriate was prepared with a 1: 4 ratio of sediment to site water as described in the
 USEPA /USACE 1990; Plumb 1981!. The elutriate tests were performed in the
controlled environment of a culture room where the temperature stayed at 20 +/- I
C as recommended  ASTM 1991a; USEPA 1991; Biesinger et al. 1987!. The

photoperiod for the elutriate tests was 24 hours of light. This followed the
recommendation that D, magna receive a minimum of 16 hours of light each day
 USEPA 1991!. At each station 100'/0, 50'/o, 10'/o elutriate concentrations, and a Ofe
concentration of site water taken at each individual station, were tested. There was
also an additional control consisting of the Daphnia culture water. Five replicates
for each concentration, 10 organisms per replicate, comprising a total of 50
organisms exposed to each concentration, The tests lasted 48 hours and organisms
were checked at times 0, 4, 24 and 48 hrs. Temperature, pH and dissolved oxygen
were measured at times 0, 24 and 48 hrs while conductivity, alkalinity and hardness
readings were collected at 0 and 48 hrs.

Whole Seditnent Toxicity Tests

The whole sediment toxicity tests were performed using the guidelines set by
Nebeker et al. �984! for the D. magna life cycle test. The test consisted of
exposing 5-day old Daphnia for 10 days, through maturation and the release of three
broods. The tests were conducted in 2-liter beakers, each containing 200 ml of
sediment and 800 ml of site water. The sediment level was determined by
volumetric displacement. There were five replicates performed for each sample.
Each replicate contained 20 organisms for a total of 100 organisms exposed per
sample. Organisms were fed every other day 6 mg/L of the tri-algal mixture used in
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culturing. The beakers were kept lightly aerated by a glass tipped airline placed
approximately 4 crn below the water surface. Each day temperature and DO
readings were recorded, On day 0 and day 10 temperature, DO, pH, conductivity,
alkalinity and hardness were recorded. At the end of the tests the organisms were
counted, Water and fine suspended solids were poured through a 0.5 mm mesh
screen, rinsed and placed in clean water to enable counting.

Contaminant Concentration of PAHs

The water and sediment samples were analyzed for PAHs at the
Environmental Chemistry Branch  ECB! at the Waterways Experiment Station
 WES!. Water samples were analyzed for PAHs by the USEPA method 610  GC-
fiame ionization detector  FID!!. Sediments were analyzed by USEPA Method 8100
 GC-FID!.

BIOACCUMULATION POTENTIAL

In-situ Study

The aquatic area of the Times Beach facility was divided into 16 grids
forming 16 sites, Upon determination the individual sites were marked with a float
A 1.3-cm wide nylon rope was used to tie the fioat to 15-cm concrete block for
anchorage. The rope length was the depth of the water plus an additional 5 cm to
allow for water fluctuations.

In October 1993 rnussels used in the bioaccumulation study were collected
from the nearby Black Rock Lock Channel in Buffalo, NY. The average size
mussels was - 1.6-cm. The mussels were collected by using a scraping device to
scrap clumps of mussels from the walls of the Black Rock Lock. This device
consisted of a long metal pole � 3-m which was attached to a rectangular metal box.
The box had a screen on the bottom to collect the rnussels and allow water to drain.

The top of the box was used as a scraper, immediately after collection, mussels
were placed between layers of wet paper towels and placed in a 170-L cooler. The
holding apparatus for the mussels were plastic cages with vents allowing water flow,
The cages were filled halfway with - 1300 gms of rnussels. The packaged mussel
cages were placed in the Black Rock Lock water until the 15-min transport by van
to the Times Beach CDF.

At the selected site, the hot spot TB10, enough mussels for chemical
analysis were placed. Chemical evaluations were performed on sediment mussels
 Lower! and water column  Upper! mussels . Additional samples were also
randomly placed for QA/QC analyses. Sediment level  Lower! mussel cages were
placed on a cord that was tied from the float to the sediment with enough extra cord
to allow for water level fluctuations. Water column  Upper! mussel cages were tied
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to the cord � 45-cm below the fioat.

On October 6, 1993, day zero of the bioaccumuiation study, four groups of
randotnly selected mussels were placed in iced coolers and sent overnight to the
WES, There, the mussels were kept in the freezer until they were prepared for
analytical analysis. After � 30 days in the field, all mussels placed in the field were
recollected for analysis. The procedures for shipping the recollected mussels to WES
were the same as the above for the base line mussel analysis.

Contaminant Concentrations of PAHs

Tissues were manually removed from the mussel shells, homogenized, and
sent to ECB for analysis. At the laboratory they were analyzed for PAHs by
USEPA Method 8l00  GC-F!D!,

Table 1: Results of 10-Day Whole Sediment Daphnia magna Toxicity Test.
 Range in Parentheses!

Site % Survival Mean Reproduction

sindicates significant difference from the control

Figure I: Total PAHs  mg/Kg! Found in Sediment, Times Beach, Buffalo, NY.
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RESULTS

SITE CHARACTERIZATION

Table 2: Concentrations of Selected PAHs in Samples From Site TB10 at Times
Beach, Buffalo, NY,

Upper
Sediment

mg/Kg

Lower

Tissue

mg/Kg
Water

mg/Kg
Tissue

mg/Kg

Flouranthene <0.010

Pyrene <0.010
Chrysene <0.010
Benzo a!Anthra cene<0.010
Phenanthrene <0.010

82

57

31

28
130

2.49

2.29

1.33

1.06

1.27

1.84

1.59

1.29

.92

<0.66

BIOACCI.MULATION POTENTIAL

The mussels survived 30 days in the confined disposal facility and some
PAHs accumulated in the mussel tissue over that time period. The following PAHs
were analyzed for, naphthalene, acenapthene, phenanthrene, acenaphthylene, flouene,
anthracene, flouranthene, chrysene, benzo  b! flouranthene, pyrene, benzo  a!
anhracene, benzo  k! flouranthene, benzo  a! pyrene, dibenzo  a,h! anthracene, 2-
methylnapthalene, indeno �,2,3-c,d! pyrene and benzo  g,h,i! perylene. The PAHs
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The toxicity tests showed no substantial mortality for D. magna exposed to
all elutriate concentrations, no LC50 determinations could be calculated due to the
minimal mortality. The 10-day whole sediment toxicity tests, however, showed
significant impairment in survival and reproduction. Percent survival from the
reference station  Grand Island! was high  82%! but was reduced �-7%! at Plots Pl
to P4. Reproductive impairment followed the same overt trend as survivorship. The
mean reproduction at the reference site was high  82.8 neonates!, with a significant
reduction at plots Pl through P4 �,6 to 9.0 neonates!.  Table 1!

Water samples at all sites had total PAH concentrations below the detection
limit of 0.010 mg/L. In the sediment, however, PAH concentrations were found
above the detection limits.  Figure l!. Total PAHs ranged from 9.1 mg/Kg to the
hot spot at site TB10 which had a total PAH concentration of 480 mg/Kg. This was
the site used for mussel placement in the bioaccumulation study.



Figure 2: Comparison of Total PAHs in Different Samples From Times Beach,
Buffalo, NY. 4so
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DISCUSSION.

SITE CHARACTERIZATION

The bioavailability of contaminants in the Times Beach CDF may be of
environinental concern. The combination of the elutriate and solid phase tests
 Nebeker et al. 1984! indicate that, while the sediment is toxic it does not seem to
be releasing dissolved materials into the overlying water column. The elutriate
 water phase! test had no significant toxicity, while the whole sediment test showed
significant survival and reproductive impairment. The predictive toxicity tests were
confirmed by analysis of the sediinent and water for PAH concentrations. The water
PAH concentrations were below detection limits and elevated PAH concentrations
were seen in the sediment. The combination of both toxicity tests and chemical
analysis indicated that contaminants are present in the system and bioavailable to a
greater degree in the sediment than in the water column. This corresponds to
previous site characterization studies where PAH concentrations were generally
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found in both the sediment and mussel tissue were phenanthrene, flouranthene,
pyrene, chrysene and benzo  a! anthracene,  Table 2!, PAHs found in the sediment
but not in mussel tissues were flouranthene, anthracene and acenaphlene. They were
present in the sediment at 55, 54 and 43 mg/Kg, respectively, The were no cases
were a PAH was present in the tissues but not in the sediment. The remaining
PAHs were all found to be below detection limits both in the sediment and tissue,
including benzo  a! pyrene, which has been found to accumulate well in aquatic
animal tissues  Neff, l979!.

Accuinulation of total PAHs were significant in the tissues, the water
column placed mussels  Upper! had a tissue concentration of 8.44 mg/Kg and the
 Lower! sediment placed mussels accumulated 5.63 mg/Kg. This was compared to
the baseline tissue analysis of �.50 mg/Kg.  Figure 2!



found to be greater in the sediment by a factor of 1000 or more than in the water
cotumn  Neff 1979!,

BIOACCUMULATION POTENTIAL

Several PAHs accumulated in the mussel tissue. The PAHs may have been
taken up by filtration of the water column, or the accumulation might have been
from the sediment as seen with the mussel Myrilus  Dame and Dankers 1988; Pruell
et al. 1986; Doherty 1990!. It may be a collective accumulation from both the
water and the sediment. The possibility of uptake from food  Clark and Finley
1975! should also be considered.

The zebra mussels did not accumulate levels of PAH sufficient to create an
environmental hazard if disposed  Tatem 1994!. However significant accumulation
has occurred.  Figure 2! Thereby raising the question of potential bioaccumulation
effects in the upper trophic levels of the food web. This could occur when the
mussels are ingested by fish or waterfowl present in the system, or by the recycling
of mussel pseudofaeces. Support for this theory is the work by Reeders and Bij de
Vaate �992! who found that once the zebra mussel accumulates PAHs, its
pseudofaeces become contaminated to a higher degree than the suspended matter.
This event makes the contaminant more available for transfer through the food web,
although PAHs generally are not biornagnified through the food web  Biddinger and
Gloss 1984!, the potential pathway for a zebra mussel induced PAH bioaccurnulation
is of concern.
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Abstract

The relationships of shell length, shell height, and volume to ash-free dry
weight  AFDW! were each evaluated independently for both Dreissena
polymorpha Pallas and D. bugensis Andrusov. Measurements were made on
adult mussels collected from three Great Lakes sites. Shell length and shell
height were each good predictors of AFDW for both D. polymorpha  length,
r2&.971, N&9; height, r2&.963, N&9! and D. bugensis  length, r2E!.962,
N=61; height, r2%.970, N=61!. Volume measurements did not provide as
good an estixnate of AFDW as did shell length and shell height. However,
more of the variation in volume was explained by the relationship with AFDW
for D. bugensis  r2E!.7S4, N=54! than for D. polymorpha  r2%.470, NW2!.
Volume does not appear to be as accurate a predictor of AFDW as shell length
or shell height, but may be a useful field measure for biomass estimates of D.
bugensis. Other studies of both marine and freshwater bivalves have
demonstrated that seasonal and population variations can influence measures
commonly used to estimate biomass. Investigators must first establish the
relationship of shell length or shell height to AFDW in their study before using
either dimension to estimate biomass in a population.
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INTRODUCTION

The introduction of the zebra mussel, Dreissena polynrorpha Pallas, and the quagga
mussel, Dreissena bugensis Andrusov, into the Great Lakes has prompted numerous
scientific investigations, many of which have involved monitoring the growth of the
mussels  e.g. Dermott et al., 1993; Mackie, 1993!, The measure of growth often used in
many of these studies has been shell length. SheD length as well as shell height are
commonly used estimators of growth in both freshwater  e.g. Bailey and Green, 1988;
Garton and Haag, 1991; Srnit et al., 1992; Sprung, 1992! and marine bivalves  e.g. Incze
et al�1980; Rodhouse et aL, 1984; Harvey and Vincent, 1990; Fritz, 1991!. Both
measures can be useful to the investigator in that they provide a nondestructive means of
monitoring growth in bivalve populations. However. it has been demonstrated that shell
length in bivalves may not always be an accurate reflection of the biomass of an organism
 Seed,1968; Winberg and Duncan, 1971; Hilbish, 1986; Seed and Richardson, 1990; Jantz
and Neurnann, 1992!. Various factors such as reproductive state of the animal  Hibbert,
1977; Griffiths and King, 1979; Harvey and Vincent, 1990; Smit and VanHeel, 1992!,
population density  Seed, 1968; Hunter and Bailey, 1992! and habitat  Brown et al., 1976;
Rodhouse et al,, 1984; Jantz and Neumann, 1992! have, been demonstrated to
independently influence the rate of increase in tissue weights and in shell dimensions
 length, height, width!. Measurements of volume, as determined by a number of different
methods have also been used to estimate biomass in bivalves  eg. Seed, 1968; Fritz, 1991;
Smit and Van Heel, 1992!.

Previous studies of D. polytnarpha have examined the relationships between sheD length
and dry tissue weight  Stanczykowska, 1977; Walz, 1978; Haag and Garton, 1992!, sheD
length and ash-free dry weight  Bij de Vaate et aL, 1992; Smit and Van Heel, 1992!, and
volume displacement and ash-free dry weight  Srmt and Van Heel, 1992!. However, no
other study has determined these relationships for the quagga mussel, D. bugensis.

In this study, shell lengths, shell heights, volume displacement and ash-Iree dry weights
were measured for adults of D. polyrnorpha and D. bugensis collected from three Great
Lakes sites. The relationships of shell length, sheD height. and volume displacement to
ash-free dry weight were individually evaluated for each species in order to assess the
appropriateness of each parameter as an estimator of growth for zebra and quagga mussels.

METHODS

Adult Dreissena polymorpha were collected from thee Great Lakes locations, Lake Erie
sites at Sterling State Park, Monroe, MI, USA  August 1992 and June 1993! and Presque
Isle, PA, USA  June 1993!, and a Lake Michigan site at Diversey Harl:er, Chicago, IL,
USA  October 1992!. Drer'ssena bugensis were also collected Iiom the Lake Erie site at
Presque Isle. All mussels were maintained in the laboratory at 10oC with a 12D:12L
photoperiod in aerated 2.5 gallon aquaria with 0,45 pm filtered lake water. Lake water was
obtained from Lake Evergreen, Bloomington, IL or Lake Michigan at the Lake Michigan
Biological Station, Zion, IL. Mussels were fed every 1-2 days a mixed diet of dried
Chlorella vrdgaris  Nature's Herbs Better Chlorella! resuspended in 0.45 pm filtered lake
water and live Chlorella vrdgaris  UTEX- The Culture Collection of Algae at the University
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of Texas at Austin!. Ammonia levels in the aquaria were routinely monitored. The, aquaria
werc cleaned weekly and the lake water was replacetL
The shell lengths and sheU heights of 99 D. polymorpha and 61 D. bugensis were
measured to the nearest 0.01 inm using a dial caliper. Shell length was recorded as thc
maximum dimension along the anterior  at the utnbo! - posterior axis of thc shelL Thc sheU
height was measured as the maximum dimension along thc dorsal - ventral axis  sec Fig.
1!. Measurements of shell length and shell height werc made on the same valve for a given
musscL Volume displacement was documented for 42 of the 99 D. polymorpha and 54 of
the 61 D. bugensis. Volume measurements were made to the nearest 0.1 inl by recording
thc displacement caused by placing individual mussels into a graduate cylinder containing
lake water  Smit and Van Heel, 1992!. Ash-free dry weights werc detcrtnined for
individual mussels by first drying them for 48 hours to a constant weight at 65oC in a
drying oven and then combusting them for 12 hours at 500oC. Thc dry weights and ash
weights of individual mussels werc measured to the nearest 0.01 ing using a Mcttler
microbalancc. The ash-free dry weight  AFDW! was then calculated by subtracting the ash
content from the dry weight. Some mussels were ptcserved in 10% buffered formalin and
then measured at a later date. Preserved mussels werc rinsed first in distilled water before
drying.

All variables werc logarithmically transformetL Thc relationships of shell length, shell
height and volume displacement to ash-frce dry weight were each independently evaluated
using regression analysis for D. polymorpha and D. bugensis separately. The analysis of
variance procedure was completed to test whether the slope of the regression lines were
significantly different from zero  Zar, 1984!. Statistical analyses werc completed using the
Statistical Package for Social Sciences-PC version  Norusis, 1990!.
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Figure 1: Shell length was measured as the mtsamum dimension between the umbo and
the posterior end of the shell. Shell height was measured as the maximum dimension
between the dorsal and ventral sides of the shell.  A! D. polymorpha, {B! D. bugensis



RESULTS

Shell length  Fig. 2! and she]] height  Ftg, 3! werc each stm~dy ~~"
dry weight  AFDW! for both 0. pogmorp~  ]ength, r~-97, N=99; herght rM.96,
N=99! and D. bugensis  length, r+,96, N 6]; height, rM.97, N<l!. Shell lengths
measured for D. polymorplrrr ranged in size trom a maxiratrm ]crrgth of 26.08 mm to a
rninirnum length of ].75 rrmn g~] ],70 mm S~.~ 36 rrsrzr. N~!. The shell lengths of
D. bugensis ranged in size from thc largest at 25.92 mm to the saut]]cs«f 2~4 mm
 R=]4.34 mrn, S.D~+.49 rnm, N=61!. Thc largest shell height documented fo r D.
polymorpha was 13.01 mm and the smallest height was 1.10 ~. Ã 5 86 ~
S33.~.6] mm, N=99!. Thc rrut;annum shell height of D. bugensis measured was 14-18
mm and thc minimum height measured was ]30 mrn  X 3.57 mrn. S-D -+3-57 mm.
N=61!.

Volume displacement was not as good an predictor of AFDM for either species  Fig. 4!.
However, volurnc displacement was morc strongly corrcLatcd with AFDW for D. bugensis
 r>=0.78, N 54! than for D. bugensis  r2&.47, NW2!.

The slopes of the lines of D. polymorpha and D. bugensis appear to bc similar for for the
relationships of AFDW to shell length  Fig. 2! and of AFD%f to shell height  Fig. 3!. A
small sample t-test will be conducted to determine if thc slopes af the ]ines for thc two
species axe significantly different for the relationships of AFDW to shell length  Fig. 2!, for
thc relationships of AFDW to she]] height  Fig. 3!, and for the relationships of AFDW to
volume disp]acemcnt  Fig. 4!.
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tng shell length  mm!

Figure 2: Shell length is highly correlated with ash-free dry weight in both D. polymorpha
  N! ogy=3.08logx-2.39, r =0.97, 1V=99, F=3234.98, p�.0005! and D bugensis   O!
logy=3.00logx-2.26, r2=0.96, 1V=61, F=150028, p<0,0005!
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log shell height  mmI

Figure 3: A strong relationship was found between shell height and ash-free dry weight for
borh D. polyrnorpha  �! logy=321logx-157, r2=0.96, N=99, F=Z494.81, p <0.005!
and D. bugensis  �! logy=3.05logx-154, 8=0,97, N=61, F=1875.4, p�.005!.
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loI, volume displacement

Figure 4: Volume displacement is more strongly related to ash-free dry weight in D.
bugensis  �! logy=0.81logx+1,78, r~=0.78, N=54, F=I88,48, p<0.005! than D.
polymorpha   X! logy=0,80logx+159, r~=0.47, N=42, F=35.45, p<0.005!.
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BISCUSSION

Shell length, wet weight, dry weight and voluine displacement represent some of the
measurements that have been commonly used to assess growth, or increases in biomass, in
zebra rnussels  Kornobis, 1977; Walz, 1978. Haag and Garton, 1992; Smit er al., 1992;
Srnit and Van Heel, 1992!. These measures estimate the organic content, or the biomass of
the mussels. A more accurate method to determine organic content is to ineasure the ash-
free dry weight  AFDW!  Paine, 1964!. However, it is not always feasible to obtain
AFDWS. AFDW measurements require the destruction of the animal which is not a
suitable methodology for monitoring the long term growth of a group of individuals. In
these studies, a nondestructive measure of growth, such as shell length, sheD height or
volume, is preferred.

Shell length and shell height were each good predictors of ash-free dry weight for both D.
polymorpha and D. bug ensis in our study. Other studies with D. polymorpha have also
demonstrated a strong relationship between sheD length and AFDW  Bij de Vaate er al.,
1992; Smit and VanHeel, 1992; Dorgello and Krack, 1993!. Moreover, the relationship of
shell length to AFDW has been documented for numerous marine bivalves, including
Myri lus edulis  L!  eg. Dare and Edwards, 1975; Rodhouse er al., 1984!, Macon balrica
 eg. Harvey and Vincent, 1990!, and Mercenaria mercenaria  eg. Hibbert, 1977!, Our
data support the results of field studies which only measured shell length to estimate
growth in zebra mussels  e.g. Smit er al., 1992; Sprung, 1992!.

Volume measurements did not provide as good an estimate of biomass as did shell length
and shell height in our study. However, more of the variation in volume was explained by
the relationship with weight for D. bugensis than for D. polymorpha. Volume was not as
accurate a predictor of weight as shell length and shell height in our study, but may prove
to be a useful field measure for D. bugensis. The relationship of volume to AFDW may be
improved with a more accurate technique to measure volume. Volume displacement is
difficult to measure for small rnussels due to the little measurable change in displacement.
We were interested in using a measure that was nondestructive and that could be easily
completed in the field. Measures of volume displacement of small mussels may be
improved by pooling similar sized mussels and measuring their total displacement as a
grolip.

Shell length and sheD height have been demonstrated to be important tools in estimating the
growth of many freshwater and marine bivalves  e.g. Rodhouse er al., 1984; Bailey and
Green, 1988; Harvey and Vincent, 1990; Garton and Haag, 1991; Smit er al., 1992;
Sprung, 1992!. However, these nondestructive measures  ie. shell length and shell height!
may not always be good predictors of biomass. Other studies have demonstrated that
environmental parameters, population density and reproductive state can infiuence
measures used to estimate growth  Seed,1968; Brown er al., 1976; Hibbert, 1977;
Griffiths and King, 1979; Rodhouse er aL, 1984; Hilbish, 1986; Harvey and Vincent,
1990; Jantz and Neumann, 1992; Smit and VanHeel, 1992!. In some cases, more energy
may be go towards tissue growth than shell growth. Due to the potential infiuence of
local environmental or population conditions, investigators must first establish the
relationship of shell length or shell height to tissue weight in their study before using either
dimension ro estimate growth in a population.
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The Use of Oreissena polymorpha  The Zebra
Mussel! as a Biofilter of Municipal Wastewater
with Special Reference to Bioaccumulation of

Heavy Metals

James P. Selegean and Thomas M. Heidtke
Wayne State University, Detroit, Ml

Abstract

This research investigated the use of the zebra mussel  Dreissema polymo~ha! as
a biofilter of municipal sewage. Three experiments were conducted, each lasting
seven days. Approximately 2500 mussels were placed in a flow-through tank while
various sewage streams were applied. The sewage streams examined were raw
sewage, primary effluent and secondary effluent. The sewage was monitored for
removal of suspended solids, chemical oxygen demand and total phosphate. The
greatest removal was experienced when diluted raw sewage and secondary effluent
were applied to the mussels. The waste parameter that exhibited the most significant
removal during most of the experiments was phosphate. The zebra mussel was
responsible for removing 17% of the phosphate entering the tank when diluted raw
sewage was applied and 15% when diluted secondary effluent was applied. The
effects of temperature were negligible. The high removal experienced when using
diluted secondary effluent makes the zebra mussel an excellent candidate to act as an
effluent polisher.

The bioaccumulation of six heavy metals by the zebra mussel was also
investigated. In all cases the concentration of heavy metals in the mussel increased
after exposure to municipal sewage for one week. Chromium exhibited the greatest
change in tissue concentration, increasing by over two orders of magnitude when
applied to primary effluent and by more than a factor of four when applied to
secondary effluent. Iron also showed very large increases.

This research concludes that the zebra mussel is an effective biofilter of municipal
sewage, Further study is warranted to address development of a more efficient zebra
mussel chamber that could be incorporated into the activated sludge treatment process.
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INTRODUCTION

The zebra mussel  Dreissena polymorpha, Pallas 1771! is a small clam-like
mollusk that grows to approximately one inch. It is indigenous to the Caspian Sea
and most of Europe. In 1986 the mussel was inadvertently introduced into Lake St.
Clair as a european freighter exchanged ballast water  Herbert et al. 1989!. The
warm, plankton-rich water of Lake St. Clair provided excellent breeding grounds and
the zebra mussel soon proliferated downstream into Lake Erie. By 1990 the mussel
had advanced into all five Great Lakes and by 1993 they could be found from Canada
in the north to Louisiana in the south and from Oklahoma in the west to New York in
the east.

The zebra mussel has affected surface waters in many ways. One is by securely
attaching itself to nearly any hard surface including rocks, sea walls, boat hulls,
navigation buoys and industrial/municipal water intake pipes. The mussels have
shown preference for water intake pipes due to the large flow of water  and food!
passing them continuously. Consequently, large mats of mussels can develop  up to
700,000 per m'  Kovalak et al. 1990!!, effectively choking off the flow needed by the
municipality or power plant. Removal efforts have cost boat owners, powerplants and
municipalities considerable money and man-power. Finally, as inussels filter lake
water to obtain food, they concentrate and settle out suspended particles from the
water column � a process often resulting in significant water clarification.

In recognition of the zebra mussel's ability to filter suspended solids from the
water column, a set of preliminary experiments was designed to examine the potential
utility of the organism within the context of municipal wastewater treatment.
Additionally, the mussel's ability to remove heavy metals from wastewater through
bioaccumulation was also investigated. The potential value of such an application is
significant, providing practical beneficial use from what is commonly considered a
nuisance species. More specifically, design and implementation of flow-through zebra
mussel chambers could replace or reduce the number of primary and secondary
clarifiers required. Utilization of the zebra mussel for enhanced removal of
suspended matter could reduce chemical coagulants, thereby minimizing generation of
chemical sludge. Furthermore, mussels applied to treated effluents could act as
effluent polishers capable of removing very small particles �.7 to 1.0 pm  Jorgensen
et al., 1984; Sprung and Rose, 1988!!. Musseis could also prove to be an effective
method of removing heavy metals and persistent organic compounds from a
wastestream. Finally, during wet weather the magnitude of combined sewer
overflows  CSO! could be reduced by increasing flow through existing clarifiers
retrofltted to house a population of zebra mussels. Anticipated decreased solids
removal due to higher flows and lower detention times could be offset by the zebra
mussel's filtering and settling ability.

PRELIMINARY INVESTIGATION

Previous studies have shown that the zebra mussel is intolerant of ammonia



concentrations above 2 rng/L  Nichols, 1990!, a threshold typically exceeded in
municipal sewage. Consequently, if the zebra mussel is to be used in the activated
sludge treatment process, sewage must be diluted to reduce the toxic effects of
ainmonia. As a result, a study was conducted to determine zebra mussel viability in
varying concentrations of municipal sewage. Populations of rnussels exhibiting
survival after 7-days of exposure to a given test ammonia concentration in diluted
sewage were considered to be indicative of an acceptable background ammonia
environment.

Five concentrations of sewage were scheduled for testing together with a control
using distilled water. Zebra mussels were exposed to five incremental test
concentrations of ammonia as prepared from dilution of fresh sewage  secondary
effluent!. The five ammonia conditions ranged from a minimum of 1 mg/L to 10
mg/L. Twenty-two mussels were exposed to each concentration in a tank maintained
at 11'C. To insure temporal consistency in the ammonia concentration within each
tank over the entire 7-day experiment, appropriate dilutions of fresh sewage were
provided daily. Dissolved oxygen and ammonia concentrations in each tank were also
recorded daily. individual mussels were examined daily to distinguish percent
mortality in each test ammonia concentration.

Results from this preliminary experiment are presented in Figure l. Examination
of the data indicates little mortality in all of the ammonia concentrations except that
corresponding to full strength sewage. This clearly demonstrates that the majority of
mussels can survive in sewage with an ammonia concentration less than 5 mg/L for at
least a 7-day experimental period.

Figure 1; Zebra mussel mortality as a function of time and ammonia
concentration.
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MAIN INVESTIGATION

Three independent experiments were performed to evaluate the zebra mussel's
ability to remove pollutants from municipal sewage. The first experiment involved
exposing a population of zebra mussels to raw sewage influent, while the other two
focused on exposure to priinary effluent and secondary effluent, respectively. In each
case the sewage streams were diluted with water to attenuate the toxic effects of
ammonia. Sewage was initially passed through a dilution/mixing tank  Figure 2! and
then into an experimental tank divided into two separate flow-through chambers, one
containing approximately 2S00 mussels and the other void of mussels  the control!.
The flow through each of these 5 gallon chambers was approxiinately 360 gallons per
day. The detention time in each tank was 20 minutes. Concentrations of total
suspended solids, volatile suspended solids, chemical oxygen demand and phosphate
were measured in the flow stream entering and leaving the control and zebra mussel
chambers. The difference in concentration leaving the two chambers was considered
representative of removal attributed to the zebra mussel. The results of the threeexperiments are summarized in Table I. Figure 2; Flow Diegrem of Experimentai Setup
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Table l: Summary of removal values.

Removal rates were highest when raw sewage and secondary effluent were
applied to the mussel  as opposed to primary effluent!, This variability in removal
can be partially explained by examining the mussel's filtering process. A zebra
mussel will filter approxiinateiy one liter of water per day  Stanczykowska et al.,
1976!. This filtration rate will be decreased at high and low turbidities  Morton,
1971; Benedens and Hinz, 1980; Lewandowski, 1983!. Furthermore, filtration rate is
increased by the presence of certain size particles and particular types of particles. It
is possible that the primary clarifier reduces the concentration of a preferred class or
size of particle. This would explain the reduction in removal when primary effiuent
is applied.

Of the sewage parameters observed, phosphate removal was highest. Because
mussels are relatively-efficient in filtering particulate matter from the water column,
they also exhibit high removal of particle-bound chemical constituents. Much of the
phosphate associated with sanitary wastewater is adsorbed onto the surface of solids,
and thus the comparatively high removal of phosphates by the zebra mussel is to be
expected. Removal of both total and volatile suspended solids was modest, while the
removal of COD was poorest. Cheinical oxygen demand represents both soluble and
insoluble constituents. The zebra mussel is incapable of removing soluble
compounds, and thus the relatively low removal of COD is not unexpected,

METALS INVESTIGATION

Before and after each of the three experiments, the softbody of the zebra mussel
was analyzed for concentrations of six heavy metals: cadmium  Cd!, nickel  Ni!, iron
 Fe!, chromium  Cr!, zinc  Zn! and lead  Pb!. Unfortunately, sample tissues of zebra
mussels exposed to raw sewage were damaged during the digestion procedure;
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therefore, metals data were limited to the experiments using pr"
secondary effluent.

Tables 2 and 3 summarize before and after metals conceritrahons in the softbody
of mussels. The concentration of each metal increased irt the softbody of the zebra
mussel during each of these independent experiments. Chromium exhibited the most
significant change, increasing by over 2 orders of magnitude during the experiment
using primary effluent and quadrupled when secondary effluent was used. Iron
concentrations also exhibited a dramatic effect, increasing by over 5 "m s d"rt"g "
experiment using primary effluent. For all but two of the rttetals  Cd, Pb!, the
increase in concentration was less when the rnussels were applied «secondary
effluent as opposed to primary effluent. This result is consistent with lo wer metal
concentrations in secondary vs, primary effluent, Consequently, the mussel will
likely accumulate less when applied to secondary effluerit. It can be hypothesized that
the accumulation would have been even greater in samples associated with raw
sewage because metals concentrations are generally higher than iri primary or
secondary effluent.

It should be noted that the concentration of the six heavy metals varied in the
wastewater. The bioaccumulation results presented here do not necessarily imply that
the mussel has an affinity for one metal over another. A large bioaccurnulation could
simply mean there was more of a particular metal present.

Table 2: Increate in metals concentration in mussel before ~~ after experiment going
primarY eQ~nt as experimental inflow.
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Table 3: Increase in metals concenrranon in mussel before and aper expenmenr using
secondary egPuenr as experimental in/7ow.

CONCLUSIONS

Wliile the potential application of the zebra mussel for enhanced treatment of
municipal wastewater is constrained by ammonia toxicity and the need for initial
dilution to acceptable ammonia concentrations, there may be other treatment systems
for which the mussel may serve a more direct beneficial purpose. Such an application
pertains to fixed bed reactors. Fixed-bed reactors, like trickling filters, have large
retention times which facilitate the nitrification of ammonia. Given reduced ammonia
concentrations and the mussel's ability to filter very small particles �.7 pm to 450
pm!, the zebra mussel may be an ideal candidate for effluent polishing. Other
potential applications include oxidation ponds, food processing wastestrearns, steel
industry and wood processing industries.
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Zebra MUssel Awareness and Boat Use Patterns
Among Boaters Using Three "High Risk"

Connecticut Lakes
Nancy Baicom, University of Connecticut

Sea Grant Marine Advisory Program,
and Eileen Rohmer, Oberlin College

Abstract

Three lakes in western Connecticut, all part of the Housatonic River drainage
basin, are consideied "high risks" for invasion by zebra mussels, based on water
chemistry data and popularity among boaters and fishermen. A survey was conducted
to assess the level of awareness of zebra mussels by users of these lakes, and to
examine transient boat usage patterns.

During thc summer 1993, 325 interviews were conducted with boaters using
seven boat ramps on Candlewood Lake, Lake Lillinonah and Lake Zoar. At thc
conclusion of the interview, boaters were given a zebra mussel alert card, listing
telephone numbers of key Sea Grant contacts in thc Northeast, and an information card
on boat cleaning to minirTuze overland transportation of aquatic nuisance species.

Fishermen  95.4%! had the greatest awareness of zebra mussels; many {75.9%!
also knew that their boats and fishing activities could bc a means for spreading thc
mussels. Far fewer pleasure boaters �9.2%! knew of the musscls or that boats wexe a
potential dispersal mechanism �0.9%!. Jet ski operators �4.7%! had little or no
knowledge about the mussels or their transport �9.2%!.

The majority of fishermen interviewed were not using live aquatic baits. Most
had some type of live well on board, and a small number planned to bring fish home
in lake water. "Drying out" periods between boat uses averaged eight days, with
fishing boats averaging seven days and jct skis, four days. In contrast, boaters were
morc optimistic as to when the boat would be used next, averaging two days. With
few exceptions, boats were kept an trailers at home.

Boats that had been or were expected to be used on another waterbody on the
same day were relatively few in number and predominantly jet skis. Multiple daily
uses occurred between the three lakes only. Most of the boats had been previously
used on the lake of the interview location, or on one of the other two study lakes.
About 5% of the boats had been previously used out-of-state, the majority in New
York. Some of the New York boats had been used a day or two before, but only one
of the four waterbodies named  Hudson River! has confirmed zebra mussel
populations. Despite the small number of non-resident interviews, 62 fishing derby
permits for these lakes were issued to non-residents, emphasizing the amount of
interstate boat traffic.
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Introduction

Like most of the continental United States, Connecticut faces the strong
possibility of an invasion by non-indigenous freshwater mollusks, Dreissena
polymorpha and D. bugensis, known collectively as zebra mussels. The mussels'
ability to adapt physiologically, coupled with inadvertent human dispersal, predispose
these species to become widely distributed in North America, with potentially serious
economic and ecological consequences  Ludyanskiy et. aL, 1993!. In particular, the
mussels create tremendous and costly problems for users of raw ftesh water,
particularly power and water utilities, industries, lakeside and riverside residents,
fishermen and boaters. Estimates by the U,S. Fish and Wildlife Service put the
invasion pricetag at $5 billion by the year 2000 in the Great Lakes region alone.

Two physiological aspects of these mussels--a planktonic larval stage and the
capability to produce strong elastic threads  byssal threads! for attaching to firm
surfaces--characterize a biofouling organism of a magnitude never before experienced
in North American ftesh waters, overshadowing even the fouling problems caused by
the non-native freshwater Asiatic clam, Corbicula fluminea. As noted by Ludyanskiy
et. aL �993!, it has become rapidly apparent that zebra mussels are capitalizing on an
open niche in North American freshwater ecosystems  hard substrates!.

Since the initial discovery of zebra mussels in 1988, and the confirmation of a
second species in 1992, the range of the mussels has expanded rapidly. Reviewing all
potential dispersal methods, scientists predicted that transient boat activity between
waterbodies and states would be the primary overland transport mechanism, carrying
mussels or mussel larvae in live wells or bait buckets, on boat hulls and. among
aquatic weeds caught on boat propellers, ropes, and trailers. It has become apparent
that the mussels are spreading inoie rapidly throughout the major riverine systems,
aided by currents, and large boat and barge traffic, than they are spreading overland.
The spread to inland lakes continues, but at a slower rate than expected.

For Connecticut, with the exception of the Connecticut River, which does
support interstate barge trafHc, the most probable method of introduction of the
mussels will be via transient fishing or pleasure boats. Fishermen, in particular, are
prone to move their boats around from waterbody to waterbody and &om state to state,
following tournaments and good fishing opportunities. Boater education will play an
important role in slowing the spread of zebra mussels to inland lakes and rivers not
traveled by commercial traffic. The more precautions these individuals take, the slower
the overland spread of the mussels will be.

Once introduced to a waterbody, there is no guarantee that the mussels will
survive and reproduce. Even if they do become established, the population size is
dependent on how hospitable the environment is to them Not every lake will support
zebra mussels to the extent of causing major problems. Zebra mussels have certain
environmental constraints. In particular, calcium ion content, pH and water temperature
are critical, as well as adequate supplies of plankton for food. As knowledge about the
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species of Dreissena currently inhabiting the United States and Canada increases, and
as the species adapt physiologically, these environmental parameters are changing,
evolving, and expanding. Areas originally perceived as "very low probability" may
indeed eventually support mussel populations

Neary and Leach �992! used calcium ion concentrations and pH to predict
which Ontario lakes might be suitable habitats for zebra rnussels, using three
categories. Survival was "unlikely" if pH was less than 7.4 and calcium ion
concentration less than 12 mg/L. Survival was "possible" with calcium ranges between
12 and 20 mg/L and pH >7.4. Survival was "probable", with waters with calcium
concentrations greater than 20 mg/L. Murray et. al. �993! adopted this scheme to
classify Connecticut's fresh waters into zones of potential zebra mussel threat, using
water chemistry data and focusing on the calcium ion concentration of surface waters.
The Housatonic River drainage system in western Connecticut, which runs along a
marble valley, is considered to be the primary "high risk" area. The risk diminishes
eastward across the state, as the waters become softer, albeit not uniformly.

The report also notes that the Connecticut River may serve as the easternmost
boundary for mussels in the state, with calcium ion concentrations of 10-12 mg/L.
However, the Connecticut River currently supports a thriving introduced population of
the Asiatic clam, Corbiculaflumiriea, which also requires calcium for shell formation.
Some scientists believe that wherever Corbicula or other species of freshwater
mollusks are found, zebra mussels could also survive  McMahon, pers. comm., 1992!.

Boater Survey

Environmental suitability is not the only measure of the risk an inland
waterbody faces from zebra mussels. Another measure is the likelihood of
introduction: naturally via currents, or human-induced, such as by transient boat
activity. To begin to assess the contribution of boat traffic to "high risk" waterbodies,
the Connecticut Sea Grant Marine Advisory Program hired an intern during the
summer of 1993 to conduct interviews with fishermen and boaters using the ramps at
three popular lakes within the Housatonic River drainage system � Candlewood Lake,
Lake Lillinonah and Lake Zoar  Figure 1!. Candlewood Lake, the largest lake in
Connecticut, is a man-made lake, drawing water from the Housatonic River via an
aqueduct. The latter two lakes are part of the Housatonic River proper, with
boundaries formed by hydroelectric dams. All three lakes have calcium ion
concentrations  mg/1! greater than 17 and pH levels around 7.5.

Survey questions were developed with the assistance of Dr. Ladd Johnson
 Research Associate, Williams Co11ege!, Together with Dr. James Carlton  Director,
Maritime Studies Program, Williams College! and Dr. Paul Marangelo  Research
Associate, Williams College!, Johnson has conducted extensive studies of the role
transient boating activity plays in spreading zebra mussels to inland lakes in Michigan
 Johnson and Carlton, 1993; Marangelo et, al., 1994!.
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Figure 1. Location of three target lakes in western Connecticut.

The purpose of the interviews was to determine the level of awareness boaters
using these lakes had of zebra mussels, and to determine their boat usage patterns-
how frequently the boats were used, where and when they were last used, and where
and when they would next be used. In addition, those individuals identified as
fishermen were asked questions regarding the source of any live bait used, and in what
manner would any kept fish be brought horne. The results of these interviews help
clarify the risks of inadvertent mussel introduction by boats to these waters and
determine the effectiveness of the on-going public outreach and education programs in
Connecticut and other states in terms of reaching one of the primary target audiences.

An undergraduate student, Eileen Rohrner, conducted interviews at seven boat
ramps on the three lakes between mid-June and mid-August, primarily on everungs
and weekends  Figure 1!. Boaters were interviewed as they arrived, departed or
refueled. In addition to surveying the ramp users, Rohmer also passed out zebra
mussel alert cards and information on how boaters can minimize the possibility of
transporting zebra mussels from infested waters to uninfested waters.

Results

During the two month survey period, Rohmer conducted 325 interviews at
seven ramps on three lakes � Candlewood �39!, Lillinonah �23! and Zoar �3!.
Survey participants were about evenly divided between arriving and departing the lake,
with a small number, predominantly personal watercraft  jet skis! refueling . T1ie
majority of boaters interviewed had motor boats, distinguished from obvious fishing

638



boats, sailboats, personal watercraft or other watercraft  party barge!  Table 1!. When
participants werc asked about their primary activity that day, the resulting breakdown
was slightly different  Table 2!, The majority of boats were being used solely for
pleasure, If a respondent indicated both fishing and pleasure, the response was coded
as "fishing." A very small nurnbcr of boats were out for test rides for repairs or
potential customers,

Table I Breakdown of interviews by boat category. N = 325.

Table 2. Breakdown of interviews by primary boating activity.

Average boat length was 1S feet, with a range of 13 to 30 feet. The average
number of hours spent  or expected to be spent! on the water was four hours, with a
range of onc to ten hours. Personal watercraft  jet skis! werc used on the water an
average of two hours at a time, but often werc used more than once, and sometimes
on more than one lake, on the same day  Table 3!.

Zebra Mussel Awareness

Survey participants were asked two questions about zebra mussels:
1. "Have you heard of zebra musscls?" and 2. "Do you know that boats are one
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Tabie 3. Breakdown of mean hours on water by boat category, with range in
parentheses,

possible way mussels can be spread from waterbody to waterbody?"  This second
question was actually posed by Rohmer as: "Do you think your craft could spread
zebra mussels?"!

The overall results indicated that 73% of those interviewed had heard of zebra

mussels and 41% thought their boat was a potential mechanism for dispersal of the
mussels. Table 4 shows the breakdown of responses to the two questions, by boat
category, which was done to see if any boater category had a greater awareness of
zebra rnussels than the others.  These calculations use the S7 boats identified as
fishing boats, rather than the 96 individuals who indicated their primary activity was
fishing.!

Table 4. Breakdown of responses by boat type to two questions posed:
�! "Have you heard of zebra mussels?" and �! "Do you tkink your craft could
spread zebra mussels from one waterbody to another?" Number of participants: 325

~~ party barge

640



The results show that 95.4% of the individuals identified with fishing boats
were aware of the mussels and 75.9% also knew about the potential for transport by
boats. Less than 5% of the fishermen interviewed knew nothing about zebra mussels.
Of those individuals identified with motor boats, 69.5% had heard of zebra musscls,
but only 31.0% knew that boats are a possible means of dispersal. A similar
percentage of boaters �0.5%! knew nothing about zebra mussels. %ith regard to the
personal watercraft  jet ski! operators, 44 7% had heard of zebra mussels, but less than
20% knew that boats were a dispersal mechanism. More than half of those interviewed
knew nothing about zebra musscls.

Table 5 shows that by summarizing the "yes" responses to the two questions, it
is readily apparent that public outreach and education efforts targeting anglers has
been more effective or thorough than those targeting pleasure boatets. These rcsponscs
indicate a need to reach out to all Connecticut boaters and operators of personal
watercraft such as jet skis, to ensure that they too get the message about zebra mussels
and other nuisance aquatic species.

Table 5, A summary of the "yes" responses to two questions posed about zebra
niussels.

Respondents were asked at the end of the interview if they had been previously
interviewed by Rohmer. Fourteen �.3%! were repeat interviews. Looking at the data
sheets indicating a repeat interview and examining the responses to the first two
questions about zebra mussels, only two respondents indicated that they had never
heard of zebra mussels or did not know that boats could transport the rnussels around,
information they should have received from Rohrner during the first interview. Since
the interviews were anonymous, it was not possible to match up a repeat interview
with a first interview, to see if the answers to the first two questions changed.
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Fishing

The responses to these questions were based on the interviewees indicating that
their primary activity was fishing  96!, rather than the number of boats identified by
the interviewer as an obvious fishing boat  87!.

Because of the potential for transporting zebra mussel veligers in live wells,
bait buckets or bait water, specific questions were addressed to those 96 individuals
that had been fishing or planned to do so. When asked whether or not live bait-
specifically minnows or crayfish-had been used, 12 anglers �4.6%! were using
minnows and two were using crayfish. The rest either were using artificial baits or
other non-aquatic type of bait, or the information was unavailable. When asked about
the source of the live baits, nine said the minnows came from local bait shops, two
brought them in from out-of-state and one response was missing. For the crayfish, one
lot came from a local bait shop and the others were caught locally by the individuals
theinselves. In other words, 71.4% was purchased at a local bait shop, and 14.3% was
brought in from out-of-state.

Thc anglers werc asked: if they caught fish that day, if they were planning to
bring fish home with them. Only 14 said yes, the remainder either did not plan to keep
any fish or did not know  because they were just launching!. Of the 14 who said yes,
nine planned to take the fish horne in lake water, while five would not. Of those that
did not know if they would keep any fish, five would bring any fish home in lake
~ater and the remainder either would not  five! or again, did not know  seven!.

Individuals associated with any boat other than a personal watercraft were
asked if their boat had a storage compartment for fish, and 94 of the 279 eligible
respondents indicated that their boat had soine storage compartment. Unfortunately, the
question was not worded as well as it could have been, because there is no way of
knowing if the storage compartments were all built in, as the question intended, or if
some of the responses included portable bait buckets or aerated systems.

Boat Usage Patterns,

One of the keys to incidental transport of zebra mussels and/or veligers from
waterbody to watcrbody by boat is the time period between uses � does a boat move
from lake to lake one day to the next, or is there generally a "drying out" period
between uses? A series of questions were asked to determine when and where a boat
was last used, where and how the boat is typically stored, and when and where the
boat is expected to be used next. It is commonly perceived that fishermen following
tournaments may fish, for exatnple, in the Hudson River one day and Candlewood
Lake the next day. The responses to these questions provide a clearer picture of boat
use practices, although they may not be entirely representative, since Rohmer did not
interview fishing tournament participants specifically.
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Table 6 shows the breakdown of responses by identified boat type to the
questions "When was the last time boat was used?" in days and "When is the next
time the boat is expected to be used?" in days. In the case where the responses was
the same day as the interview, the number of days was indicated as "0".

Most people �13! had some idea of the last time their boat was used and on
average, it was eight days prior to the interview, but ranged from earlier that same day
to 45 days before. Fishing trips tended to run about seven days apart, while pleasure
trips ten days apart, on average. The jet skis were used more frequently, in action four
days prior to the interview on average. Four individuals had not used their boat since
the 1992 boating season, the interview date being their first time out during 1993.

Far fewer people �0! had some idea of when they planned to use their boat
next. On average, it was in about two days, with a range of same day to seven days
hence. Breaking the responses out by boat type, fishing and motor boats were expected
to be used generally within three days, while jet skis were expected to be used the
next day.

The difference between the average number of days since the last use and the
expected average time span before the next use is six days. It appears that people are
more optimistic about how frequently they will use their boats than they actually do. If
the responses in June and August are compared, the average number of days since the
boat was last used remains at eight days for both months. However, the response for
the next planned use averaged four days in June and two days in August. This aUows
for some "drying out" time, particularly since 320 of the 325 boaters interviewed keep
their boats on trailers at home.

Five of those interviewed had used their boat or personal watercraft previously
on the day of the interview. Three boats  two motor, one fishing! had come to
Lillinonah from Candlewood and two jet skis had been moved from Lillinonah to Zoar
on the same day.

When asked if they planned to use their boat on a different lake on the same
day, 287 said "no," 28 did not know and nine said "yes." All of the multiple uses were
to one of the three lakes where the interviews were being conducted--Candlewood,
Liilinonah and Zoar. There appears to be a lot of movement between the three lakes,
which are relatively close to one another. This observation was confirmed by the
responses to the following question.

A breakdown of the 315 responses to the question "Where was the boat last
used?" indicated that 85.4% of the boats had been previously used on one of the three
target lakes, and that 62.8% were the same lake as where the interview was being
conducted. Similarly, when asked "Where will the boat be used next?", of the 111
responses, 91% werc for one of the three target lakes and. 78.2% were expected to
used at the same lake that the interview was being conducted.

Fifteen individuals �.8%! had used their boat last on another Connecticut lake
or pond, seventeen �,4%! had been previously used out of state  Northeast!, and
fourteen �.4%! had last been used on Long Island Sound.
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Since to date, no zebra mussels have been found in either Massachusetts or
New Hampshire, only the New York boat trips were used in the following calculation,
particularly since eight of the boats had last been used in the Hudson River, which
does have zebra rnussels. The other three waterbodies in New York were Lake Carmel,
Lake George and Peach Lake. No zebra rnussels have been found in any of these lakes
to date  O' Neill, pers. comm., 1993!.

Table 6. Breakdown of responses to questions "When did you last use your boat and
when do you plan to use it next?" Mean number of days given, with range in days in
parentheses. The response "0" indicates planned use on same day as interview.

No. of individuals that did not know next use; 276

No. of individuals who last used boat in 1992: 4

While only a few boaters interviewed �.2%! came fxom out-of-state, their
responses indicate that only a day or a few days may pass before a boat is trailered to
Connecticut, increasing the risk of zebra mussel survival, and therefore, introduction, if
appropriate precautions are- not taken. While the Connecticut Department of
Environmental Protection  DEP! does not keep track of the number of out-of-state
boats launched at Connecticut state ramps, it does keep records of fishing derby
permits that are issued  CT DEP, 1993!, During 1993, 166 permits were issued for
these three lakes, 99 for Candlewood Lake alone, Of these permits, 62 were issued to
individuals living in states other than Connecticut.

Conclusions

Based on the results of 325 interviews during 1993, fishermen in general are
more knowledgeable about zebra mussels and the potential role boats play in
dispersing the mussels, while pleasure boat and jet ski operators need more directed
educational programs on zebra mussels.



The majority of fishermen interviewed were not using live aquatic baits, while
those that were using minnows or crayfish had a variety of sources for them. The bait
 minnows! that are sold in Connecticut bait shops come from two distributors in
Massachusetts, who receive their supplies from baitfish farms in Arkansas. Based
on the way these fish are raised in spring-fed ponds or well water, they can be
considered free of the risk of zebra mussel contamination  Hyatt, pers. comm., 1993!.
Most boats identified as fishing boats had some sort of live well, although whether
these "wells" were part of the boat or portable remains unclear.

The interview results combined with the number of fishing derby permits
issued by the Connecticut DEP for these lakes confirm that there is a significant
amount of interstate boat traffic, some corning from areas with zebra mussels and
some involving no "drying out" period between boat uses. On average, however,
boats tend to have a drying time of about eight days, and most are kept on trailers at
home. There is also a lot of interl.ake movement, sometimes on the same day.

More comprehensive studies have been conducted in Michigan  Johnson and
Carlton, 1993; Marangelo er. al., 1994!, documenting not only boat use patterns, but
also examining exiting trailered boats for signs of rnussels. Mussel monitoring
programs were also initiated on a series of inland Michigan lakes. The researchers
concluded that trailered boats are indeed viable dispersal mechanisms for all life stages
of zebra mussels, and that precautionary measures should be taken by boat owners to
minimize the possibility of contributing to the rapid spread of the mussels throughout
the continental United States, particularly to inland lakes and waterways.
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The Evaluation of impacts of Colonization of
Zebra Mussels

on the Recreational Demand in Lake Erie

Jian Feng Sun
Department of Agricultural Economics

and Rural Society
The Ohio State University

Abstract: The colonization of zebra mussels has a significant influence on the industrial system
along the Lake Erie. But impacts of infestation of zebra mussels on the other industries, such
as the recreational industry, have not been well evaluated. This study applies the framework
of demand analysis for non-market goods to valuing the potential influence of colonization of
zebra rnussels on the demand for recreational goods under the situation of heterogenous
consumers. The empirical results suggest that the failure of recognition of heterogenous
consumers of the environmental goods is one of the major biased errors in practical evaluation,
which might underestimate the impacts of the presence of zebra mussels on the recreational
demand. Since the positive impacts of zebra mussels on the recreational demand in Lake Erie
is quite large in this study, it might be possible to have reduced negative impacts of zebra
mussels on the recreational demand. As a result, the combined impacts may not be significant
in Lake Erie in the present.
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I. Introduction

lt is known that zebra rnussels are a threat to water treatment plants, industries, and
power utilities because they restrict the flaw of water into plants and pluming facilities
by fouling intake structures and piping [5, 14, 16]. The estimated costs f'rom the U.S.
Fish and Wildlife service assess the potential economic impacts of the zebra mussel
alone at $5 billion over the next 10 years [9].

Beside the power generation, natural area, nature species appreciation, manufacturing,
navigation, commercial fishing and public water supplies, the recreational industries,
such as recreational fishing, tourism, beach use, etc., might be infiuenced by the
infestation of zebra mussels [5]. Economic and environmental problems associated
with the colonization of zebra mussels in Lake Erie, Ohio, create a need to investigate
the effects of the infestation of zebra rnussels on the recreational activities.

The overlapping literatures of water resources, recreation, biology, and environmental
economics stress the need for values to attach to largely non-market interactions of
species and affected environment and the associated impacts on the recreational
economy, such as recreational boating, fishing, and swimming [I, 6, 8, 10]. But so far,
little or no research has been carried out to investigate the potential economic impacts
of the heavy fouling of zebra mussels in Lake Erie on the recreational industries.
Much efforts have gone into the treatment and control of infestation of zebra mussels
in industrial and commercial sectors.

The objectives of this paper are  a! to identify the key feature of consumers of non-
market environmental goods,  b! to contrast the direct and indirect methods of
estimating the demand for recreational boating under the impacts of zebra mussels,
and  c! to analyze the possible recreational quality changes response to the
colonization of zebra mussels and possible effects on the recreational attractiveness of
Lake Erie.

D. The Model

When the zebra mussel was first discovered in Lake St. Clair of the Laurentian Great
Lakes in June 1988, few people realized the potential impacts of the invasion of this
kind of species on the economy along Lake Erie. Right now numerous populations of
zebra mussels have been well established in all of the Great Lakes and the Lake Erie
environment has experienced numerous changes over the past several years. As a
result, recreational industries along Lake Erie have been impacted by zebra mussels
[13].



Personal category -- A paradox to the standard demand theory

The standard demand analysis for the non-market goods is based on an implicit
assumption that consumers are homogenous with respect to the knowledge about the
change in quality of environment. In other words, each consumer has the same
information or knowledge about the quality of recreational site  non-market goods!.
Based on this assumption, the utility maximization problem yields an identical demand
function across individuals and this Marshallian demand function can correctly specify
the preference of consumers. With incorporation of attitude variables ', the impacts of
the attitude arguments might shift the demand curve downward or upward. This direct
approach is often used to evaluate the impacts of the change in environmental quality.
Based on the personal category, each individual exposes his satisfaction level about the
presence of zebra mussels. Therefor'e, there must be a positive correlation between the
quantity consumed  TRP! and the level of satisfaction about the environmental quality
with the presence of zebra mussels  ZKS!.

Table I. The Pearsoa correlation coefficients

TAP CST ICM AGE SEX

1.000

0.000

-0.259

0.002
1.000

0.000

ICM 0.125

0.160
0.052 1.000

0.557 0.000

AGE -0.019

0.826

-0.119

0.180

-0.028

0.739
1.000

0.000

SEX -0.086 0.040

0.314 0.653

-0.109 0.021

0.200 0.813

0.006 .

0.939
0.290 1.000

0.735 0.000

-0.142 -0.143 1.000

0.094 0.092 0.000

ZEB -0.055

0.516
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' The attitude variable is based on the personal evaluating category. The key feature
of the direct approach is to ask each individual to expose his overall evaluation about the
subject, e.g. the change in environmental quality with the presence of zebra musseis in
terms of his value system.



Negattve Camlatton  <!
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Figure 1 Negative relationship between the satisfaction level and
the number of trips

Nevertheless, if the consumers are heterogenous with respect to the information or
knowledge about the change in environmental quality caused by zebra mussels, the
taste of consumers can not be appropriately evaluated in the standard demand
framework by simply pooling data Irom these consumers. When we value the change
of environmental quality, the consumers we are dealing with are typically the
heterogenous consumers. In this case, the evaluation of the demand function might be
misleading if the consumer are asked to give an overall assessment of the satisfaction
about the presence of zebra mussels. For example, in this study, there are 466
respondents, among whom, 11.9% didn't know the presence of the zebra mussels in
Lake Erie. In the present research, there appears a negative relationship between the
level of recreational satisfaction about the presence of zebra mussels and the number
of trips  see Table 1!. This implies that the less satisfactory the consumer is about the
presence of zebra mussels, the more titnes the consumer travels to Lake Erie for
boating. This seems a paradox to the standard demand theory. Figure 1 shows that
with the increase of the number of boating in Lake Erie, the negative relation becomes
stronger and stronger.

The reason for this contradiction is that the respondents have very different
information about the presence of zebra mussels and the associated impacts. From the
survey data, it can be observed that the more trips a person made in 1991, the lower
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his satisfaction level was over the presence of the colonization of zebra mussels in the
Lake Erie.

This kind of behavior seems irrational. If one takes a close look at the motives behind
this sort of behavior, it is not difficult to recognize that the more trips a boater makes,
the more knowledge of the influence of zebra mussels he obtains '. As a result, the
more trips make people tend to lowet. satisfaction level about the presence of zebra
mussels. So the direct approach, which attempts to differentiate the overall satisfaction
leveLs about the impacts of zebra mussels on the recreational boating, is obviously
inappropriate for our purposes of evaluation.

An alternative approach has been widely employed in the detnand analysis for
evaluating the changes in environmental quality. Particularly, a "suggestive" category
is empirically employed, which is identified as a set of major characteristics well
describing the impacts of quality change of environment caused by the presence of
zebra mussels [l, 6, 8, l0, lg.

Social preference

In order to reduce the biasedness of estimation Rom the heterogenous consumers, we
apply the indirect approach to exploit the impacts of zebra mussels The basic idea of
the indirect method is to identify several important features which can characterize the
impacts of infestation of zebra mussels on the environmental conditions for boating.
Then the marginal changes of demand by these characteristics can be evaluated and
the corresponding welfare changes can be also computed. This approach tends to
represent the 'social' preference instead of the 'personal' preference.

Let us take a look at how the social evaluating category is defined in this study '.
Zebra inussel veligers first invaded the eastern end of Lake Erie during late summer
1989. They have changed the environmental quality positively and negatively.
Researchers as well as boaters have noted greatly increased water clarity  WAQ in
Lake Erie between 1989 and 1991. A significant part of this change in clarity has been

' If an individual takes inany trips to the recreational site, his attitude about the
impacts of zebra mussels inight be formed as both an "average" over the season and an
"accuinulation" through the whole season. So it is different from the 'pure' average
attitude Shaw mentioned in his paper [14].

' The social evaluating category is concerned with the global, overall, and long-run
characteristics rather than the local and short-run characteristics in the personal evaluating
ca tegory.
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attributed to the filtering activities of zebra mussels [13]. This is a positive influence
of zebra mussels on the environmental conditions.

On the other hand, negative influences come from all kinds of sectors. The threat to
the recreational attractiveness by the zebra mussel was sudden and serious. High
mussel densities and rapid growth rates caused extensive environmental problems.

Table 2. The Pearsoa correhtlon coef6cients

TRP CST ICM AGE SEX WAT BEA CON ART POL

TRP I.DG

0.00

CST -0.26 1.00
002 G.OO

ICM 0. 13 0.05 1.00
0.16 0.56 0.00

AGE -0.03 4.02 -0.12 I.DO
0.74 0.83 0.18 O.OO

SEX 0.01 -0.09 0.04 0.29
0.94 0.31 0.65 0.74

WAT 0.19 %.08 0.02 0.14
0.02 0.36 0.87 0.11

BEA 0.06 -O.D5 %.02 0.06

0.52 0.55 0.80 O.SD

CON 0.09 0.02 0,05 4.08
0.27 0.86 0.55 0.38

ART %.01 0.08 0.15 0.06
0,89 0.34 0.09 0.50

POL 0.05 -0.01 0,04 0.04
0,55 0.91 0.65 0.60

1.OO
O.GO

4.04 1.00
0.65 0.00

0.05 0.16 I.OO
0.53 0 06 0.00

0.11 -0.08 0.22 1,00
0.20 0.35 0.01 O.OO

0.05 -0,11 1.00
0.59 0.19 0.00

G.04 0.10
0.62 0 25

4.11 0.09 0.30 0.18 0.01 1.00
G.19 0.29 .G01 G.D3 0.87 D.GO
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First, beaches are affected by zebra mussels. By autumn of 1989, extensive deposits of
zebra mussel shells could be seen on many Lake Erie beaches. The extent of these
deposits varied with successive periods of high wave activity. Sharp-edged shells
accumulating along swimming beaches could be a hazard to unprotected feet. This
effect causes a change in beach environmental conditions, for example, beach
contarninants and pollutants caused-zebra mussels  POX !, beach pollution  BEA!, and
beach congestion  CON! with the presence of zebra mussels.



Biologists were also concerned about zebra mussel colonies covering rock and
artificial reefs  ART!. The zebra mussel has heavily encrusted fish spawning reefs and
created other environmental and economic problems. Most rocky areas in Lake Erie
are almost completely covered with mussels several inches deep. Such poor
environmental conditions could potentially hinder normal egg development of reef-
spawning fish  walleye, white bass, and smallmountb bass!. Off shore reef areas in the
western basin of Lake Erie are utilized by walleye  Stizostedion Vitreum!, lake
whitefish  Coregouus clupeaformis!, white bass  Morone chrysops!, and other species
for spawning. The principal reef areas are bedrock which is sediinentary in origin. The
bottom surface adjacent to rocky outcrops consists of unconsolidated sediments
including boulders, cobbles, pebbles, sand, and med. The bedrock and gravel
components of the reef areas were quickly colonized by zebra mussels, which caused
concern among scientists that reproduction of walleye and possibly other species could
be affected. The encroachment of zebra mussels to the rock and artificial reefs causes
the problems for the boating activities.

We specify these five important impact characteristics of zebra rnussels on the
environmental quality. Table 2 shows the Pearson correlation for these variables.
Basically, the TC approach estimates statistically a demand equation, using trip of
visits as a measure of quantity and recreationist's travel costs  or distance! as ineasure
of price  CST!. The demand equation is often specified to include variables reflecting
recreationists' income, and other socioeconomic variables. The model is based on the
rational behavior, that is, the boater chooses the quantity to maximize his utility. The
weak completnentary condition also holds for this model.

The model is specified as follows:

TRP,=f CST, ICM~ AGE, SEX�WAT,�BEA�CON�ART�POLJ

~here CST,- is the round-trip variable and the demographic variables here are
identified by respondent age  AGE/, sex  SEX!, and the respondent's income level

Welfare analysis

Figure 2 gives a simple picture of the welfare analysis, which is the basis for the
welfare evaluation. Consumer's surplus in this single equation case is computed as the
area under the demand curve and above the cost curve. In practice, consumer's surplus
is computed on the basis of mean values of independent variables from the demand
equation.
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Trfps

Figure 2. Consumers' surplus  CS! from a detnand function for the
recreational boating in Lake Erie

III. EMPIRICAL ESTIMATION AND RESULTS

Data considerations:

This analysis is based on the 1992 cross-sectional mail survey data in Lorain county,
Ohio. About 4000 questionnaires were distributed in the recreational sites in Lorain
country. The return rate was about 20%. About 140 observations, which have complete
answers for the present model, were used in the estimation. The travel costs
were accounted by a full scale ', which includes all expenditures on-site and at home.
The expenditure at home includes the costs of groceries and beverages, gas and oil for
transportation, boating supplies and repairs, gas and oil for boat, fishing equipment,
gear, bait, and other recreational equipment. The on-site expenditure includes not only
the above expenditure at sites but also the costs of overnight loading, restaurants,

' In the preexisting literature, the travel costs are chiefly estimated by the 'pure' travel
costs. Soine of the major expenditures associated with the trips to recreational sites for
boating are excluded. This kind of accounting system might cause the difficulties to
analyze the 'indirect' welfare change from the consumption of the non-market
environmental goods.
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launching fees, and shopping at sites. The average f'ull trsvelwost was estimated as

Table 3. Variable definition for the demand function

Variable Name Description

TRP Number of trips to Lake Erie for boating;

Household age;

Household income;

Water clarity;

Beach pollution;

Beach congestion;

Artificial reefs;

Contaminants and pollutants;

AGE

ICM

WAT

CON

POL

Table 4. Estimate of the parameters for the demand ftmetion

Variable Name

Intercept

Estimate

-16.5701

-0.0313

-0.0932

5.0821

11.2641

-]..0140

4.4132

Standard Error

29.31

CST 0.01

AGE 0.20

SEX 19.12

WAT 5.22

3.79

CON 4.83

ART 0.0562 4.07

POL 0.8831 3.20

ICM 0.0014 0.001
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$8.25 per mile. On the other hand, the pure travel cost is less than $1.00 per mile '.
Table 3 shows the definition for all variables in the demand function

Estimation process:

The empirical model was estimated using the OLS technique process by SAS on the
IBM 3090/600J inainframe. Using the linear demand model, it is possible for us to
predict how the total number of trips will change as a result of the enviromnental
quality change.

Results of empirical estimation

The estimated results are represented in Table 4. Substituting the mean values for the
explanatory variables except ICM and CST, we have the simplified demand function:

TRP = 23.850 - 0.031 CST + 0.014 ICM

This demand function can be further simplified as:

TRP = 30.6327 - 0.031 CST

For mean values of independent variables, consumer's surplus is computed as $386.85.
This value is obtained under the full scale expenditures at home and on site associated
with a round-trip for boating.

Table 5. Two projected satisfaction levels

Results such as presented here can be used for policy analysis by measuring the
changes in consumer's surplus induced by changes in the environmental quality caused

' Mast of literature applied the 'pure' travel costs, which is only
concerned with the on-site and travelling costs. The 'pure' travel costs
are typically less than $1.00 [2,12].
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by zebra mussels. Two possible scenarios were considered for the welfare changes: i.e.
the higher and lower satisfaction levels about the environmental quality with tbe
presence of zebra mussels. With the higher level, the satisfaction level is projected to
increase by a level for all boaters. At the lower level, the satisfaction decreases to tbe
lower level  see Table 5!. Table 6 provides a inarginal analysis for the projected
scenarios. Each level is compared with the bench mark CS. The results indicate that
the changes in WAT and CON have significant impacts on the consumers' surplus. On
the other hand, the changes in ART don't show a significant impacts on the demand
for boating.

Table 6, Marginal Consumer surplus and net consumer surplus

IV. CONCLUDING COMMENTS'

An attempt is made here to represent a case study of environmental impacts analysis
of the colonization of zebra mussels in Lake Erie. The paper uses existing data to
provide some interesting. empirical estimates of the values of recreational boating in
Lake Erie.

The robust finding is that since the knowledge or information about the impacts of
zebra tnussels is not homogeneous across the consumers, the direct estimate might be
biased or misleading. We must be careful at this point to avoid a biased evaluation for
the heterogenous consumers. Even though there might exist a positive relationship
between tbe overall satisfaction level and environmental quantity, it might be the case
where tbe welfare may be underestimated. Empirically, it often appears that some
measures of environmental goods cannot be decomposited into a set of major
characteristics and we still want to use the attitude variables. In this case, the
underestimation or overestimation could happen.
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Three empirical conclusions can be drawn from this paper of the argument. First, the
direct analysis suggests a very important fact that with the increase of knowledge of
impacts of zebra mussels on the recreational boating, the consumer's surplus could be
reduced and the nutnber of trips to Lake Erie might be decreasing. Second, since the
positive impacts of the zebra mussels on the recreational demand is quite large, the
combined itnpacts on the recreational demand may not be significant in Lake Erie
right now. Third, differentiating the recreational resources demanders with respect to
information or knowledge of environmental quality so that the appropriate benefit
measures may be applied, will increase the accuracy. Finally, one of the advantages of
using the full-scale expenditure is that it is possible for us to evaluate the total
consumers' surplus Irom sub-consutnptions of non-market goods, which is associated
with the expenditures at home and on-site. It would be beneficial to policyrnakers if
the impacts could be decomposited into the direct impacts and indirect impacts.

A nutnber of improvements could be tnade using a tnore realistic set of characteristics.
The method discussed here represents a sitnple, straightforward way of evaluating the
impacts of colonization of zebra mussels on the recreational demand. Many of the
ideas and integration are still inchoate and not expressed in an entirely satisfactory
manner. But this is less itnportant than getting ideas into the open where they can be
discussed and debated.
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Students Against Zebra Mussels
Or. Robert Williams, Cynthia Bidlack

Rivers Curriculum Project
Southern illinois University

Box 2222

Edwardsville, illinois 62026

Abstract:

Students from 250+ high schools throughout the Midwest are hot on the trail of the latest
exotic invader of rivers and lakes. These students are participating in a Zebra Mussel
Watch, a program coordinated by the Illinois Natural History Survey and the Water
Resources Center at the University of Dlinois, in cooperation with the Rivers Curriculum
Project. Students place a monitoring device at a local testing site. From early spring
through late fall, students visit their site and inspect the samplers for Zebra Mussels.

Besides the actual observation undertaken by students, a case study has been
developed for in-depth study to accompany the monitoring Students first learn about
other examples of exotic species and their impacts, then zero in on zebra mussels for a
tnore comprehensive study. They use maps to plot the spread of the mussel and play a
decision-making game in which students assutne various roles in a hypothetical town that
has developed a zebra mussel problem. Finally, they develop and implement an action
plan.
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Students from 250+ high schools throughout the Midwest are hot on the trail of the latest
exotic invader of our rivers and lakes. Students from the Rivers Project are armed with
the latest devices for detecting the little monsters and have a place to send the information
once they have been spotted. High schools in bo h Illinois and Minnesota have
encountered live Zebra Mussel during the Fall of 1992. Due to the Flood of 93' the
Illinois, Ohio, and Mississippi Rivers are now infested with them. If the Zebra Mussel
follows its past history, they will be doing their passive little tricks of plugging every water
pipe along those rivers and doing it soon.

At Meredosia, Illinois, students from the local Rivers Project high school and their
teacher, Janet Franklin, load up in a van each week and travel a short distance to the
Central Illinois Public service  CIPS! plant where they check for Zebra Mussels. Two
students at the high school, Leslie Kilver and Michelle Smith, needed a river-related
project and chose to study Zebra Mussels. Little did they know, they would stay with this
project for three years and become actively involved with CIPS. They observed first hand,
no Zebra Mussels at CIPS in 1992, and today, in March 1994, there are literally thousands
and a real possibility exists that parts of the plant will be closed down to clean out in-take
valves clogged by the mussels. Meredosia-Chambersburg High School is one of the many
Illinois Rivers Project schools that have teamed up with industry or utilities to become
involved in this special project.

The Zebra Mussel Watch is coordinated by the Illinois Natural History Survey INHS! and
the Water Resources Center at the University of Illinois. The Illinois-Indiana Sea Grant
Program awarded a $2OOO grant to the Illinois Rivers Project to construct Zebra Mussel
monitoring devices for each school in the Project. Zebra Mussels are tnost active during
the spring to fall months, which corresponds only sotnewhat with the school calendar.
Therefore, high schools have had to work around the Zebra Mussel's mating and growth
season.

Zebra Mussel monitoring works in the following manner: a high school chooses a site s! in
which to place the monitoring devices. Each sampler comes with a set of directions telling
how to anchor the device, The Project has found that there is a real attrition, as they seem
to disappear - naturally or otherwise: The best way to so/ve this problem has been for
teachers to contact a company, a power or water treatment plant and have the samplers
placed on their property With this cooperation the devices don't disappear and during the
summer months when school is not in session, plant officials can check for Zebra Mussels
on a biweekly schedule. A great partnership develops between the two groups and
students have also educated a few companies through this relationship.

Schools finding Zebra Mussels call Doug Blodgett,  INHS! coordinator of the Zebra
Watch, at the Havana, Illinois LTRMP Field Station. Identified Zebra Mussels are placed
in a jar of sugar/formalin solution and sent to Doug, A sampler covered with the young
veligers, is to be packed and also mailed. Schools use the Project's telecommunications
system, SOILED NET, to send their inussel sightings to INHS and the Rivers Project
office.
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Zebra Mussels seem to present a dismal picture, but research is being done to develop
ways to control the invasion. Four methods, biological, chemical, physical, and
tnechanical controls look promising according to research scientists, Most likely a
combination of these methods will help to solve the problem,

The basic goal of the Rivers Project is to educate schools about the importance of water
quality. In keeping with this theme, the Rivers Project has developed a one month-long
unit on the Zebra Mussel. The case study is based on an issue analysis model developed
by Harold Hungerford at Southern Illinois University, Carbondale. In it, four goals are
addressed:

1. Introduction to exotic species and their impacts. Topics include well known
examples of biological invaders and supplemental reading from popular science
periodicals.
2. Detailed consideration of the Zebra Mussel, including the life cycle, feeding
habits, economic and ecological effects, and control and preventive measures.
3. Classroom activities, involving plotting the spread of Zebra Mussels, a decision
making simulation garne, and identification of probable ecological inter-
relationships associated with the mussel.
4. Data collection activities including surveying, interviewing, and conducting an
action plan to education the local cornmuniry about Zebra Mussels and other
exotic species.

In conjunction with the case study, a one day training session is planned. Teachers will be
instructed by Rivers Project teachers who have piloted the case study. These training
sessions will be open to high school science and social studies teachers, plus interested
junior high school teachers.

If interested in the Zebra Mussel Watch, the case study, or the monitoring devices,
contact:

Rivers Curriculum Project
Southern Illinois University
Box 2222

Edwardsv ille, Illinois 62026
Phone: 618-692-3788

FAX: 618-692-3359

Email rivers@daisy.siue.edu
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Zebra Mussel Monitoring Devices

PIa

clips

The sampler is basically an arttftcial substrate, similar to a Hester-Oendy sampler, made
of PVC plates. Zebra Musseis and larvae  called veli gers! settle on the P VC plates and
on the three glass microscope slides that are cltpped to the bottom of the PVC plate,

&cry two or three weeks, the students revisi t the si te and inspect the P VC plates for
:ebra mussels. which are usually very small and may appear only as bumps. Some
classes bri ~g along a dissecting microscope to aid in on site identification of mussels.
The students also remove the glass slides from the bottom PVC plate and take them back
to school, where they use a microscope to exami ne them for small mussels and veligers.
New glass slides are put in place, and the device is lowered back r'nto the water.

The samplers have provided an unexpected, but welcome, addt'tr'onal learning
opportunity. At certain times of the year, they may be covered with other organisms.
Mayfl'es, di ving beetles, and caddis flies have also been found as have Hydra and
Planaria. Students can take these specimens back to lab for identtft cation.
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Zebra Mussel Sample Sheet
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Monday Morning, March 7, 2994
8:00 a.m. - 12:00 noon 'Registration

Monday Afternoon, March 7, 2994

~ - - - ~ ~ ~ ~ " ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Plenary Sess>on ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

2:45- 3:00 p.m.
BREAK

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 430-890p.m. EXHIBITS OPEN - ~ - - ~ - - ~ ~-

- ~ ~ 530 - 790 pm. EXHIBITORS' RECEPTION ~
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1:00 p.m.
Conference Overview
A.H. Miller. Gnat lakes Sea Cntnt Netroork,
Conference Coordinator

I:15 p.m.
' The Invasion Kaleidoscope: Setting the Zebra

Mussel Inta Patterns of Global Introductions
J. Carlton, Williams College - Mystic Seaport

1:45 p.m.
' The Zebra Mussel as One of Many.

The Nationwide Toll of Harmful Non-

Indigenous Species
P,N, Windle, V.S, Con pess, Office of Technology
Assessment

2:15 p.m.
~ Biological Invasions in the Laurentian Great

Lakes and Hudson River Ecosystems:
Historical Analysis and Assessment
E- Mills et al�Cornell Unioersity Siologicel
Field Station

3di0 p~.
' The Introduction and Spread of the Zebra Mussel

in North America
C,  VNeill, Nero York Sea Gnrnt and
A. Dextrase, Onlerto Ministry of Natural Resormm

3M p~
' The Zebra Mussel Invasion - Is A Marine

Ecological Perspective Useful'
J. Levinton, State Unioersi ty of Nets York

3:40 p~.
' implementation of the Non-Indigenous Aquatic

Species Nuisance Prevention and Control Act
G. Edwards, V.S. Fish snd Wildlife Sertnce

4M p Jn.
' Students Against Zebra Mussels

R. Williams and C. Bidlad. Southern 1/linrns
Vnioersity



Tuesday Morning, March 8, Z994
7:00- 8:15 a.m Continental Breakfast

~ ~ ~" ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Concurrent Sess1on One ~ ~ " ~ ~ ~ ~ ~ ~ ~ ~ ~"

CONTROL CHEMICALB tOLOGY: GENERAL

8:55 a~
' Toxicity of Monochloramlne to Zebra Mussels

M. Balcer et aL, Unioersity of Wisconsin-Superior

~ ~ ~ ~ ~ 10:15 - 1080 a~ BREAK ~ ~
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8:15 a.m.
' Zebra Mussel Feeding Behavior in Natural Seston:

Implications for Phytoplankton Dynamics in
Aquatic Systems
M.J. Horgan et al., Cornett Vnioersity Biologica/ Field
Station

8:35 a.m.
' The Biornechanics of Biter Feeding in

Zebra Mussels
J.D. Ackennan. JDA Associates and Umoersity of
Toronto

8:S5 a.rn.
Tissue Solute RegulaHon: Ransport and
Metabolism of Organic and Inorganic Solutes
by Dreissens polrjrnorphs
R,L Preston, Hhnois Shrte Vnirrersity

9:15 a.m.
' A Comparison of Shell Morphology of Zebra

Mussels and C~ccurrlng Bivalve Larvae:
Potential Use for IdentIHcaHon
B, Baldwin et aL, Rutgers Vnioersity

9:3S am.
' Does Temporal Scale Matter When Measuring

Settlementy
S. Doka and G,L Macide, Unnrersity of Gse ph

9:55 a.m.
' Production and Biomass Allocation in Dreissena

potyrnorphe in the Lower Great Lakes, Canada
M.E, Chase and R.C. BaHey, Unmersity of Western
Ontario

tLIS am.
Current Status of Zebra Mussel Control Measures
in Ontario
B. Chauhan and S. PengiHey, Ontario Ministry of
Enrrironrnent arrd Energy

8aS aan.
MoHusclcidal EfHcacy of Nonwxidlaing
Antimicrobial Agents to Control Adult Zebra
Mussels
J.C. PetrHle et ai., Betz Water Afanagernent Group

9:15 am.
~ Evaluation of Copper iona and Aluminum Floe

for Preventing Settlement of Zebra Mussels
W.J. Blume et aL, Akrna Tech inc.

935 ann.
TD 2335: Laboratory and Field KfHcacy Studies
for Control of Zebra Mussels in Electric Power
Plants
VJ. PicciriHo et aL, NPC inc.

9.55 a m.
Relative Toxicity of MoHuscicides to Different
Developmental Stages of Quagga and Zebra
Mussels

H. Dabrowska et aL, Ohio State Unioetsity



Tuesday Morning, March 8, 1994

~ ~ ~ - ~ -- ~ ~ - - ~ " ~ Concurrent Session Two- - ~ ~ ~ ~ " ~ ~ ~ "~ ~

BIOLOGY: GENERAL CONTROL CHEMICAL

- ~ ~ ~ - ~ - - ~ 12:1G-2S p.m. LUNCH k EXHIBITS OPEN
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ISO a.m.
From Egg 'to Settling Stage: The Culture and
Nutritional Requirements of Dreissena Larvae
H.A. Vanderploeg et aL, NOAA-CLERL

10;50 a.m.
' Particle Sizes and Settling Velocities of Dreissena

polymorpha Biodeposils
D.M. Dean and G.I.. Mackie, University of Gueiph

Il:10 am.
'Vertical Migration and Mortahlty in Dense Zebra

Mussel Colonies as a Response to Changes ln
Interstitial Water Quality
C.A. Call, Loyola University of Chicago

12BS a.m.
s Settling and Growth of D. poiymorpha in the Raw

Water Circuits of the Cattenom Nuclear Power
Plant  lVloseile, France!
], C, Moreteau and M. Khalanski, Urdversitf de Metz

ll:50 a.rn.
Year to-Year Variation in Condihon and
Reproductive Pattern of Zebra Musseis
S.Y. Wang et aL, University of Southern Mississippi

I h30 a.m.
Carbon Dioxide aa a Narcotizing Pre-Treatment
for Chemical Contxol of Dreisserra poiymorpha
W.J. Elzinga and T. S. Butzlaff, Enviroasrerrtal Scieare
sad Kngineeriog Inc.

2050 am.
' Optimizing the Use of Hypochlorite in Zebra

Mussel Control
D.W. Evans and B.F. Sixn, Ontario Hydro Technologies

II:10 am.
Enhanced Toxicity of Zebra Mussel Control
Chemicals in Pure Water
J.L Ram et aL, Wayne State University

1180 a.m.
' The Impact of Zebra Mussels and Their Control

Measures on the Corrosion of Cooling Water
Systent Materials
C.T. Gauthier et aL, Ontario Hydro Nuclear

2280 a.m.
Control of Zebra Mussela in Hatcheries Using
Actuacutture Chemicals
D.I Wailer et al., NstionaI Fisheries Research Center



Tuesday Afternoon, March 8, 1994

-- -. -. ""." -. " Concurrent SessIorI7nxee

BIOLOGY: PHYSIOLOGY

4%0- 490 p.m. BREAK ~ - ~ ~ ~ ~

"A TASTE OF WISCONSIN" ~ t ~ ~ ~ ~ ~ ~ ~ ~

400 - 6dt0 p.m. Buses depart from Holiday inn for the UW Memorial Union
Dinner on own - State Street

780 - 990 p.m. Dessert Buffet with Entertainment - UW Memorial Union
The Torpedoes - A lively band speciahzing in dance music

from the 1950's and 1960's
"Randy Sabien" - Jazz Quartet featuring jazz violinist, Randy Sabien

Buses depart fram UW Memorial Union to hotels9:30 p.m.
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2:00 p.m.
' Physiiologicat Energetics of Dreissena
pofyrnorpha at High Temperatures
D.W. Aldridge et al., North Carolina A&T State
University

2:20 p,m.
s Comparative Study of the Desiccahon Resistance

of Zebra Mussels and Quagga Mussets
T,A. Ussery and R.F, McMahon, The University of
Texas at Arlington

2:40 p,m.
' Potassium Transport in the Freshwater Bivalve

Dreissena pofymorpha
S.J, Wilcox and TH. Dietz, Louisiarur State University

3.00 p.m.
' G rowth and Reproductive Output at Different

Environmental Conditions: Does Food Quaffty
Matter 
A.f4. Stoeckmann and D.W. Garton, Ohio State
Llniversity

3:20 p.m.
' The Effects of Calcium and Alkalinity on the

Reproductive Success of Adult Zebra Mussels
S. Hincks and G.L Mackie, University of Guefph

3:40 p.rn.
' Temperature/Salinity Tolerance in Larvae of Zebra

Mussels, Dreisserra pofyrrrorpha, and its Potential
impact in Northern Chesapeake Bay
D.A. Wright et al., Urriversity of Maryland

CONTROL: CHEMICAL AND ELECTRICAL

2:00p m
Effects of MEXEL 432 on the Settling, Detachment
and Mortality of Adult Zebra Mussels
L. Giamberini et aL, University de Metz

MD p~.
Development of Zebra Mussel Control Programs
Utilizing CMorlne, Acti-brom and Bromine
P.M, Sawyko, Rochester Gas and Electric Corporation

2.40 p~
Application of Cost EffecH ve Bectric Fields to
Deter Attachment of Zebra Mussel to Struchrres
A.G. Smythe et aL, Acres International Corporrrtion

3dt0 p.ln
' Use of Cathodic Protection for Control of Zebra

Mussel Biofouling on Steel and Concrete Surfaces
N. Serli et al., Hydro Qrrebec

320 pan.
The Efficacy of Pulsed Bectric Piehhr in
Preventing Settlement of Zebra Mussel VeHgers
J.R. Nelson et aL, The Seasonic Grrnrp inc.

3:40 p.rn.
' Study of Effects of Electric Currents on Zebra

Mussel VeHgers
R.E. Baddour et al., The University of Western Ontario



Wednesday Morning, March 9, 1994
7;00 � 8:15 a.m. Confinental Breakfast

~ - " ~ ~ ~ ~ ~ ~ ~ - Concurrent Session Four ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~

BIOLOGY: RIVERS AND INLAND LAKES CONTROL NONWHEMICAL

8r3$ aan.
' Acoustic Energy for Zebm Mussel Control
J.J. Kowalewski et al., Ontario Hydra Technologies

10:1S-1080a~. BREAK
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8:15 a.m.
Ecological Constraints on Dreissenid Mussels in
Lotic Versus Lenhc Ecosystems
J.H. Thorp and J.E. Alexander, Jr., University of
Louisville

8&5 a.m.
' Growth and Survivorship of Zebra Mussels and

Quagga Mussels in an Ohio River Mesocosm
J,E, Alexander, Jr. and J.H. Thorp, University of
Loni svi lie

8:5$ a.m.
' Energetics of Zebra Mussels Under Various Food
and Sediment Regimes: Implications for Large
River Systenrs
S.p. Madan et aL, Illinois ¹trrraI History Srrrrrey

9:15 a.m.
' Settlement, Growth Rate, and Habitat

Colonixation of Zebra Mussels in the Upper
Mississippi River
W.G. Cope and T J, Naimo, National 8iologicat
Survejj

935 a.m.
The Spread of Zebra Mussels  Dretssena
polyrnorphal Through the inland Waterway
System, 1993
A.C. MEler et ai., U.S. Army Engineers Waterroays
Experiment S tation

9:55 a.m.
Saint Croix River Zebra Mussel Response
Plan - 1993
P. Burke, U.S. Fish & Wildlife Service

8:15 a.m.
' Further Shrdies of Heat Tolerance in

Zebra Mussela:
Effects of Chronic Lethal Temperatures and
Geographical Distribution on Survival Time
ILE McMahon et sL, The University of Texas at
Arlbrgton

89S am.
~ Cavitation Control of the Zebra Mussels

DM. Donskoy and M.L Ludyanskiy,
Stevens Institrrte of TeeIrnology

9:15 aan.
Mechanical Filtration as a Control Measure for
Zebra lVIussels - Phase 2
R. Koopmans and ILW. Hughes, Ontario Hydra
Techno ogies

935 am.
Operational Comparison of Two 1rypes of
Small-Pore Mechanical Rlters for the Removal
of Zebra Mussels
B,W. Rigden, Ontario Hydra

9:55 a.m.
New InfIItration intake System for Zebra Mussel
Control and Luval Exclusion
Y. h4ussalli et aL, Stone & Webster Engineering Corp.



Wednesday Morning, March 9, 1994

~r- - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ COnCurrenk SeSSIOn FiVe ~ "~ ~ ~ ~ ~ - --- ~ ~ - ~

BIOLOGY: RIVERS AND INLAND LAKES CONTROL: NONWHEMICAL

~ ~ ~ ~ ~ ~ ~ ~ - ~ i2:i0 - 2% p.m. LUNCH

~ ~ - lAIO-2:00p.m. POSTER SESSION OPENS
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ISO a.m.
' Zebra Mussels in the Illinois River and

Implications for Native Mollusks in the
Mississippi Basin
K.D. Blodgett et aL, Illinois Natrrral His trrry Srrrrrey

10:50 a.m.
' Impact of Fouling by Dreissena palymorphrr on

Unionids of Lake Wawasee, Indiana
D.W. Garton, Indirrna University-Kokomo

11:10 am.
' Infestation and impacts of Dreissens on Native
Unionids ln the Upper St.Lawrence River

A. Ricciardi, McGill University

1190 a.m.
' The Potential Overland Dispersal of Zebra

Mussels by Waterfowl
L Johnson et al�Williams College - Mystic Serrprrrt

11;SO a.rn.
' The Spread of Zebra Mussels to Inland Watenn

Advances and Lessons frmnMIchlgan
P. Marangelo et al., wi liame coaege - Mystic errprrrt

1030 a.rn.
' Influence of Wide-Range Ultraviolet Radiation

Upon Behavior and Mortality of Dreissena
pohjmo rphrr
L. Chalker-Scott et aL, State University of Nerrr Yartr
at Brrgato

10:50 aarr
' Use of Ultraviolet Radiahon for Zebra

Mussel Control
D. Lewis and G.E. Whitby, Aqrrstic Sclerrces inc.

11r10 a.m.
' Underwater Cleaning Technique for Removal

of Biofouling
B.IL Hobbs and A.C. Gross, ~ Mrrrine
Serrrices brc.

1190 a.m.
~ The Survival of Zebra Mussels  Drelesens

polyrnorpha! and Asian Clams  Corfricrrla
flrrrninerr! Exposed to Extreme Hypoxia
M.A. Matthews and R,F. McMahon, T1re University
of Texas at Arhngton

IIr50 a.m.
' Discussirm of Siphon Intake for Control of

Zebra Mussels
T.J. Chang, Ohio University
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Poster fl
' Robotics Applications in the Aquatic Environment:

Industrial Biofouling
Bill Sherwood, Aquatic Sciences inc.

Posterf2
' Modification of an Optical Plankton Counter for

Enumerating Veligersr Preliminary Results
B.F. Sim et al., Ontario Hydro Technologies

Paster it3
' Automatic Zebra Mussel Control System at

Casco Co., Port Colborne, Ont.
John Hibberd, Aquatic Sciences tnc.

Poster f4
' The hnplicatians of Patented Technology for

Zebra Mussel Control and Eradication
T.D, Paulius, Loctrtvood, Alex, Fitrgibbon & Cummings

Poster f5
' Chlorination/Dechtorination Equipment

Specification and Control System Design for
Zebra Mussel Suppression
G. degruyn, Prvnr'ment Fluid Controls, inc.

Poster f6
' Chlorine Dioxide - A Molluscicidal Agent for

Adult Zebra Mussel Eradication
L. Rusnak, Dreto industrial

Poster f7
' Candidate Antioxidants for Preventing Zebra

Mussel Attachment Toxicity to Fish
WG. Cope and M,R. McPeak, National Fisheries
Researclr Center

Poster f8
' Levels of Capper in Indigenous and Ilanspianted

Dreissena polyrnorplra in Relation to Water
Concentration and Body Weight
J. Mersch and J.C. Pihan, Urriversite de Metr

Foster Srj
Biodeposition and Accumulation of
Polychlorinated Biphenyls and Cadmium by
Zebra Mussel  Dreissena potymorpha! in
Western Lake Erie
E. Dobson and G.i Mackie, Un'rversity of Guelph

Poster f10
~ Contaminants and the Zebra Mussel Dreissena

polymorptra: Review of Recent Data in Relation
to Disposal Practices
I.E. Tatem, U.S. Army Engineer Waterroays
Experiment Station

Poster f1 1
' Use of Low Levels of Electric Current  A-C! for

Controlling Zebra Mussr;ls
C. Fears et aL, Delta Applied Technoiogy, tnc.

Poster f12
' Resistance to Zebra Mussel Attachment Using

Copper Alloys
D. Maxson, Wheelabrstor Engineered Systems inn

Poster f13
Comparison of Byssal Attaclunent Strength of
Dreissena polyrnorpha Under Nahrral and
Laboratory Conditions
B,S. Payne et aL, U.S. Arnry Engineers Waterroays
Experiment Station

Poster f14
' Fluid Dynamic Influences on the Recruitment of

Zebra Mussels
J.D, Ackerman. /DA Associates arut University of
Toronto and B9. Sim, Ontario Hydro Technologies

Posler f15
' Potential for Biological Control of the Zebrs

Mussel, Drrtssena polymorpha, by the Blue Crab,
Cat tinectes sapidus
LC. Boles and R,N, Lipcius, Virginia institute of
Marine Science

Poster f16
' Prey Preference of Redear Sunfish on Zebra

Musseis and Gastropods in Experimental Aquaria
J.R.P, French IH, lVationat Biologr'cal Survey and M N.
Morgan. Michigan State University

Poster fly
Identification of the Great Lakes Quagga Mussel
as Dreissena bugensis, Introduced Fram the Black
Sea Drainage in Ukraine
A,P. Spidle et aL, Cornell University
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Foster S3I
' Impact of Zebra Mussels on Inland Shipping
J.H. Boy et aL, U.S. Army Corps of Engineers
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Poster tilt
Relative Abundance of Zebra Mussels
 Dnrissrna potynaorphs! and Quagga Mussels
 Dreissena bugensis! in Eastern Lake Erie
D,J, Adrian et al., AquaTcch EnvirvnmcntaL lnc.

Poster S19
Monitoring Zebra Mussel Young Stages Near
Hydroelectric Dams and Power Statioras
B. Jacqvaa et aL, Laborstoires SA8, inc,

Poster 420
' Dreissenid Population Dynamics in the

St. Lawrence lUven Perspectives for Engaghtg
Control Actions in Industries
J. Dion and Y. Richer, Subdsv Canada, inc.

Poster s2I
' Annual and Seasonal Variations in Veliger

Density in the Upper Niagara IUver
D.J. Adrian et aL, AqusTcch EnvirvnrnsntaL lnc.

Poster f22
' Zebra Mussel Colon sation of Saginaw Bay

Coastal Emergent Marshes
T.M. Burton et al., Michigan State University

Poster S23
Zebra Mussel Population Dynamr'cs in Indiana
Waters of Lake Michigan
T.E. Lauer et al�Purdur Unr'varsity

Poster S24
' Zebra Masse  Watch. Distribution and

Abundance of Zebra Musseis in Wisconsin
J.J. Hieb et aL, University of Wisconsin-kfadisan

Poster $25
' Drrissena Settlement on Natura  and

Anthropogenic Substrates in the Southern Bay
of Green Bay, Lake lV!ichigan
H. Hanson and T. Mocco, Qconto High School

Foster S2ti
Distribution and Abundance of Zebra Mussels
in the Duluth-Superior Harbor of Lake Superior
M. Baker, University of Wisconsin-Superior

Poster N27
' Zebra Mussel Dispersal in the SL Joseph IUver

Basin  Indiana-Michiganh Lakes as Sources for
Downstream Dispersal
T.G. Harvath et aL, Un'rvrrsi ty of Notre Dame

Poster S28
' Early Colon sat on Patterns of the Ohio River

by Zebra Mussels
J.H. Thorp and J.E. Alexander, jr., University of
Lotaisvil Je

Paster t�9
' Eye on the Zebra Mussel: Settlement and

Growth in the Ohio River
J. Stice, Dayton Power & Light Company

Poster S30
a Observations on Zebra Mussel Colonixation in

the Lower Ohio and Tennessee Rivers
J.B, Sickel and D,A. Leek, Murray State University

Poster 432
' Effect of the Zebra Mussel an Recreational

Participation at Lake Erie
LJ. Hushak and J, Vilaplana, Ohio State University

Poster s33
' Evaluation of the Economic impacts of Zebra

Mussels on the Recreational Demand in Lake Erie
j-F Sun, Ohio State University

Poster 434
' Encouraging the Public to Help Slow The Spread

af Zebra Mussels
B. MacKay, Ontario Federation of Anglers and Hunters

Foster S35
Zebra Mussel Awareness and Boat Use Patterns
Anaong Boaters Using Three "High Risk
Connecticut Lakes
N.C. Baiccnn, Universr'ty of Connecticut and
E.M. Rohmer, Obrrhn College
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Poster s51
influence of Seston Quality on Zebra Mussel
Energy Stores
W.A. Brence et al., Un'rversity of Cincinrrati
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Poster 434
' Minnesota State Actions to Prevent Dlspersai

of Zebra Mussels and Other Aquatic Nuisance
Species
J. Rendall, Minnesota Department of Natunrl Resources

Poster 437
' Students Against Zebra Mussels

C. Bidlack and R. Williams, Southern illinois

University

Poster 43$
' Are Unionid Transiocations a Viable MrHgaHon

Technique? The Wolf River Experience,
Shawano, WI, August 1992 and August 1993
M.E, Havlik, Matacotogical Corisultants

Poster 439
' Mussel Community Struchire in the Upper

St. Croix River Prior to Zebra Mussel InfestaHon
D,J, Hornbach et aL, Macalester Col/ege

Poster $40
' Water Row Around Oreissena pofynrorpha

Encrusted Anodonta grsndts in a Lake System
.E. Benbow et aL, University of Dayton

Poster 041
' Observation of Freshwater Sponges on Zebra

Mussels in Lake Erie
F,L Snyder and D.O, Kelch, Ohio State Universi'ty
Extension Sea Grant P iogram

Poster 442
' An Approach to Ide»Hfy Potential Zebra Mussel

Colonization in Large Water Bodies Using Best
Available Data and Geographic Information
Systems
A, lgnacio and A.H. Miller, Uriiversity of
Wisconsin-hfadison

Poster 443
~ identifying PotenHal Zebra Mussel Habitat

in Maryland
J. Chaillou, Versar, inc. and J. Christmas, Maryland
Department of IVaturat Resources

Poster 444
' Modeling the Spread of Exotic, invading

Species Across a Landscape Using a Geographic
InformaHon System
L.A, Buchan and D.K. Padilla, University of
Wisconsin-Madison

Poster 445
~ Eurasian Watermilfoil S pread Across U.S.

and Wisconsin
S. Engel, Wisconsin Department of Natural Resources

Poster 446
' Boom and Bust Invasion of a Hardwater,

Eutrophic Lake by the Introduced Crayhsh
Oreonectes rusticus
H, Pea rson, Silver faire College

Poster 447
' Ruffe, Gynrnocephahr! cernuus: hnpacts o» Native

Fauna and Control Techniques
T,D. Bills et aL, National Biotogicat Survey

Poster 44tt
The Influence of Zebra Mussels on Sport
Fisheries in a Thermally-StraHfted Reservoir
N-Y Yu and D.A. Culver. Ohio State University

Poster 449
~ Interactive Effects of Zebra Mussels, Young

Bluegills, and Water Rete»Hon Time on
Experimental Food Webru A Mesocosm
Experiment
W.B. Richardson and LA, Bartsch, !Vationat
Biological S urvey

Poster ttSO
' Ecosystem-level Consequences of the Zebra

Mussel Invasion of North Arnericai A Modeiing
Approach
J.R. Duncan, University of Tennessee



~ aa ~ ~ ~ s ~ sos ~ ~ e ~ ~ ~ ~ o see ~ a as ~ ~ a ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ st@ ~ s ~ ~ ~ ~ ~ ~ e ~ a ~ ~ ~ ~ ~

684

Foster f52
Measures of AIIometric Growth in the Zebra
Mussel, Dretsssna potyrnorpha and the Quagga
Mussel, Dreissena irostriformis! bugcnsis
T K. Ross and G.M, Lima, 111inois Wesleyan University

Poster 153
' Effects of Starvation at Different Temperatures on

Dry Tissue and Dry Shell Weights in the Zebra
Mussel, Dreissena potymorpha  Pallas!
R.A. Chase and R.F. McMahon, The University of
Texas at Artington

Poster «54
' "P Nuclear Magnetic Resonance  NMR!

Phospholipid Profiles of Healthy and
Compromised Zebra Musseis
LG. Bardygula-Norm, University of Wisconsin-
it4tttvaukee and T. Glonek, Midroestern University

Poster 055
Laboratory Maintenance of the Zebm Mussel,
Dreisscna potyrnorpha: Effects on Ion Balance
J.I. Scheide et aL, Central Michigan University

Foster 156
' Magnesium and Potassium Requirement by the

Freshwater Zebra Mussel, Drcisscna po1yrnorpha
T.H. Diets et aL, Louisiana State University

Foster 115'7
' Chemical Regulation of Zebra Mussel Siphon and

Mantle Contractility
F.F. Baidoun and J.L. Ram, Wayne State Untterstty

Foster 855
' Species-Specific Sperm Attraction in Zebra

Mussels and Quagga Mussels
R.L Miller et aL, Tcmptc University

Poster l59
Cytochemistry of the Foot of Dreissena potyrnorpha
 Molluscs: Bivalvta!
T.P. Bonner and ILL Rockhiil, SUEY College
at Brvckport

Poster 44B
" Mitochondrial DNA Analysis of Round Goby

and Tubenose Goby in the Great Lakes
J. Dougherty, Wayne State Unmersity

Foster S4I
' A Method for the Isolation of Total Genomlc

DNA from the Zebra Mussel, Dreissena
potymorpha
R.L Minton and G,C, Mayer, University of
Wisconsi n-Parkside

Poster Nti2
' Genotype-Dependent Fecundity at the FGI Locus

in Dreisscna potyrnorpha
S.L Kendall-Eagteson and D,W. Gartcm, Indiana
University Kokomo

Foster stt5
~ Dreisscna as a Bioindicator of Radioactive

Contamination in Freshwater Ecosystems
I.V. Fankov, Kinr Institute of Hydrobiotogy

Foster att4
a Dreisscna in Cooling Fonda of Power Plants in

Ukraine: Structure-Functional Aspect
A.A. Frotasov «nd O.O. Sinicina, Kiev institute
of Hydrobiotogy

Foster 465
' The Role of Zebra Mussels in Lake Ecosystems

A. Karatayev, Beiorussian State University

Poster ~
' Basic Control Methods for Water-Development

Works Fouled with Dreisscna genes Mollusks
LV. Shevtsova, Kiev institute of Hydrobiology

Poster le
' The Chemicai Control of Dneisscna Mollusks

by Chlorination
I,A, Grigorovich, LV. Shevtsova and K.N. 1haplina,
Kiev Institute of Hydrobiotogy
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2:00 p.m.
identification of the Quagga Mussel as Dreissena
bugnrsis Andrusov
G. Rosenberg and M. Ludyanskiy, Acaderrry of
Natural Sciences of Philatietphia

229 p.m.
The Ecology of Dre! sserra begemsis and D.
polymorpha in the Dnieper River Drainage
System
M. Ludyanskiy et al�Marirte 8iocorrtrol Corporstiorr

2:40 p,m.
Comparative Growth Rates of Zebra Mussela and
Quagga Mussels
H.J. MacIsaac, Urriversity of Windsor

3Ht0 p.ln.
' Functional Differences Between the Quagga

Mussel, Dreissena bugerrsis, and the Zebra
Mussel, Dreisserxa polyrrrorpha, to Stress from
Temperabxre and Salinity Changes
A.P. Spidle and E.L Mills, Conreg University

3:20 p.m.
' Abundance and Distribution of Dreissenid

Mussels at Nanticoke, Lake Erie: Effects of Depth
and Temperature
J. Mitchell et al., Urtiversity of Westerrt Orttario

3:40 p.m.
' A Comparison of Zebra and Quagga Mussel

Reproduction, Abundance, and Growth
W.T. Ctaxton, Urriversity of Gaetph

2 00 p.xn.
' Biological Control of Zebra Mussels by

Indigenous Bacteria and Their Products
J-D. Gu et al., Harvard University

220 pan.
Effect of Starvation Stress on the Heterotrophic
Bacterial Flora of the Zebra MusseL Dreissana

poly raorpha
J.S. Maid and R. Mitchell, Marquette University

2:40 pan.
' The Effect of Molluscicidal Strains of Bacillus

brvots/S S86-4 on Dretsserxa poiyrrxorpha
S. Singer and E.E Genovese, Westent illinois
Urtiversi ty

300 pan.
Birth Control in Zebra Mussels: High Affinity,

Sex-Specific, and Long-Lasting Effects of
Serotonergic Ligands
P.P. Fong et al., Wayrxe State University

3M pan.
' Invading the Invaders: Infestation of Zebra

Mussels by Native Parasites in the
St. Lawrence River
D.B. Conn et al, The Urtiverst'ty of the South

3:40 p.xn.
' Survey of Endosymbionts Present in Russian

Zebra Mussels
D.P. Molloy et aL, New York State @museum



Thursday Morning, March 10, 1994
7:00-8:15 a.m.Cotttinerttal Breakfast

~ -- ~ ~ ~ ~ ~ ~ - ~ - - - Concurrent Session Seven- " ~ ~ ~ ~ ~" "~

CONTROL: CASE STUDIESBIOLOGY. ECOI.OGICAL IMPA~S
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8:15 a.m.
' Trends in Zebra Mussel Populations in Saginaw

Bay and Subsequent Changes in Water Quality,
1991-1993
T.R Nalepa, NOAA-GLZRL

Si35 a.m.
' Do Zebra Mussels  Dretssena polymorpfM! Affect

Algal-Bacterial Coupling in Saginaw Bay?
R. T, Heath and S-J Hwang, Kent State University

8:S5 a.m.
' Post-Dreissena Planktonic Diatoms in Hatchery

Bay, Western Lake Erie, and Saginaw Bay,
Lake Huron
R,E. Hooand  Beeton!, 77ie Utiiversity of Michigan

9:15 a.m.
The Impact of Zebra Mussels on the Benthic Algal
Communities in Saginaw Bay, Lake Huron
R.W. Pillsbury and R.I Lowe, Bowling Green
State University

9:35 a.m.
' Zebra hfussel-Mediated Benthic Algal Blooms in

Saginaw Bay; Lake Humn: Are There Limital'
fLL Lowe and R.W. Piiisbury, 8oroling Green
State University

9:SS a.m.
' Effects of Zebra Mussel Density on the Growth of

Juvenile Fathead Minnow Piniephates pro«tales
C.A. Jennings, National Biotoginrt Survey

5:15 san.
' Eliminating Zebra Musseis ala Major Steel Milli

A Case Study
R.L Strand, Stra«co Inc.

$35 am.
The Ontario Hydm Final Strategy for Zebra
Mussel Control
PM Wiancko and IL Claudi, Ontario Hydro

8%5 a.rn
Cationic Surfactants for Zebra Mussel Control in
Complex Intake/Makeup System-
WEPCO Pleasant Prairie
R.R. Gokhnann et aL, Wtsconnn Electric Power

9:15 aan.
' Niagara Mohawk Research Efforts for Monitoring,

Assessment and Control of Zebra Mussels in
Cooling and Fire Water Systems
E. Neuhauser et aL, Niagam Moharvk Porver Ce«pony

935 a.m.
' Case History of a Working Zebra Mussel

Chlorination System
B, Polewski et aL, Ontario Hydro

9:5S am.
' Zebra Mussel Control Using Thermal Treatment

of Circulating Water Systems of Electric Utility
Stations
S.L. Wahlert et aL, Surge« t & Lundy Engineers
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CONTROL CASK STUDIES

12:10-1BOpm. LUNCH
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BIOLOGY: ECOLOGICAL IMPACI'S

10:30 a.m.
' Response of Submersed Macrophytes to

Increased Water Clarity During Colonization by
Zebra Mussels in Saginaw gay, Lake Huron
J.P. Skubinna et aL, Michigan State University

10:50 a.m.
Dreissenid Mussels in the Diet of Several
Species of Ducks at Long Point, Lake Erie
R.W. Knapton, Long Point Waterfvrut end
Wetland Reserrrch Fund

ll:10 a.m.
Effect of Zebra Mussels on the Early Succession
of Periphyton and Macrophytea
P, Gerovac and J.L Kaster, University rrf
Wisconsin-Milroaukee

1130 a.m.
~ impact of Zebra Muasels on the t astrcrpod

Fauna of Lake Michigan
D.W. Schneider et aL,!llinvis Natural Htstrrry Survey

Il:50 a.rn.
' An Ecosystem Approach to Examining the Effects

of Zebra Mussels on Lake Erie Pelagic Function
R.A. Pontius and D,A. Cuiver, Ohio State University

1090 a.m.
' Development of Zebra Mussel Control Strategies

for a Coalition of Vermont Water Suppliers on
Lake Cham plain
C L. Lange et aL, Acres tnternationat Corporrrtion

10:50 ~.
~ The Successful Use of Potassimn Permanganate

for Zebra Mussel Control in a Water Supply
intake: A Case Study
J.A. DeKant, Bay Metro Water Tisutnrent Plant

11:10 am.
fire First Non~xidixing Moliuscicide Treatment
in Canada
R.C. Matthews and D.A. Comanche Calgon
Canada inc.

1180 a~
A Cost-Effective Altemathre to Conbnuous
Chemical Feed Systems for Control of Zebra
Mussehr
N. Kothari, Manitorvoc Public Utilities

1190 a.m,
~ Evaluation of a Raw Water System Specifically

Desrgned for Mussel Control at Monroe,
Michigan
W.L Lepage, City of Monroe, Michigan
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ISO p~.
' The Importance of Sine-Frequency DtstribuH one

for Predicting Zebra Mussel Impact
B,L Young et aL, Dsernen College

1:SO p.m.
Zebra Mussel  Dreissens polyrnorphs! bnpact
on the Western Lake Erie Ecosystem: a
BioenergeHcs Approach
C.P. Madenjian, Natioerl Biologicsl Surney

2:10 p~.
Uncertainty in Zebra Mussel Grourth Esthnatetu
lxnplications for lncorporaHng Zebra Mussels
into Food Web Models
N. Idrisi and D. Stewart, State Uniocrsity of
New York

230 p.m.
' impact of Zebra Mussels on Lake Erie Pelagic

Food Webs
D.A. Culver and R.A. Pontius, Ohio State Unr'oersi ty

IDO p~.
' Zebra Mussel Fadlitated Corrosion at B4ck

Rock l.ock
E.G. Segan et al., U,S. Army Construction
Engineering Research Lslonrtories

I:50 p.m.
Coatings Which Prevent Zebra Mussel
AHach ment
F G. Leitch and F5. Spencer, Ontario Hydro
Technologies

2:10 pm.
' Testing of AnH-Zebra Mussel CosHngs in

TVA Service Area Waters
M.L Roilins and J.T. Io~ Tennessee Volley
Authority

230 p~
' Field lirials of Non-Tmdc Fouling-Release
CoaHngs
A.E, Meyer et al., State Uruocrsity of New York
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LIST OF ATTENDEES



ABBOTT
ROSS

302 S RIVER PARK DRIVE
GUTTE NB ERG IA 52052

ACKKRMAN
JOSEF D.

ADAMS
CHARLIE

HIGHWAY 441
NORRIS TN 37828-2017

ONTARIO HYDRO  BOG!

NORTH CAROLINA A 4 T

AMUNDSON

DREW INDUSTRIAL

BABCOCK-JACKSON OHIO STATE UNIVERSITY
LISA

BABINKC
JOHN

BADDOUR
R. E.
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ADDY
HENRY

ADRIAN
DAVID

ADRIAN
GERALD

AHLSTKDT
STEVEN

ALBISHARAT
PHILLIP

ALDRIDGK
DAVID

ALEXANDER,JR.
J. E.

AMEND
JOHN R.

DANIEL

ANDKRSKN
TONY

ANDERSON
JIM

ANTHONY
JERRY

ARNOLD
KEIIH

ASBILL
T. C.

UNDERWATER TECHNICAL SERVICES

UNIVERSITY OF TORONTO
MECHANICAL ENGINEERING

ENTERGY OPERATL'ONS

NORTHERN STATES POWER

AQUA TECH ENVIRONMENTAL

ELF ATOCHEM NORTH AMERICA INC

TENNESSEE VALLEY AUTHORITY
AQUATIC BIOLOGY DEPARTMENT

UNIVERSITY OF LOUIS VILLE
WATER RESOURCES LABORATORY

MALCOLM PIRNIE, INC.

US FISH k WILDLIFE SERVICE

NATIONAL PARK SERVICE

WESTINGHOUSE OCEANIC

BULLDOG BOILER RENTALS

WISCONSIN ELECTRIC POWER

UNIVERSITY OF WESTERN ONTARIO
DEPARTMENT OF CIVIL ENGINEERING

5 KINGS COLLEGE ROAD
TORONTO ONTARIO M5S 1A4

ROUTE 2 BOX 317G
RUSS ELLVILLE AR 72801

1717 WAKONADE DR, E.
WELCH MN 55089

PO BOX 402
CLARENCE NY 14031-0402

3 PARKWAY, RM 619
PHILADELPHIA PA 19102

BOX 3000
TIVERTON ONTARIO NOG 2TO

DEPT, OF BIOLOGY, B ARNES HALL
GREENS BORG NC 27411

LOUIS VILLE KY 40292

1000 PITTSFORD VICTOR ROAD
PIITSFORD NY 14534

51 EAST 4TH STREET
WINONA MN 55987

PO BOX 708
ST. CROIX FALLS WI 54024

1002 STONY BROOK DRIVE
O'FALLON IL 62269

PO BOX 1488, MS 9~&0
ANNAPOLIS MD 21401

5385 E. OUTER DRIVE
DETROIT 1VII 48234

C/0 RT. 1, BOX 2611
TIGER GA 30576

BT2 BLDG, 1735 NEIL AVE
COLUMBUS OH 43210

333 E. EVERETT ST. A532
MILWAUKEE WI 53203

LONDON ONTARIO N6A 5B9



16' GRAND AVE.
ST PAUL MN 55105

1600 GRAND AVE.
STPAUL MN55105

PO BOX 647
CAMDEN TN 38320

PO BOX 647
CAMDEN TN 38320

BAKER
PATRICK

BAKER
SHIRLEY

BAKER
BEVERLY

BAKER
PEGGY

BALCER
MARY

LTV STEEL - IHW

NOAA/GLERL

IMO INDUSTRIES

HYDRO QUEBEC

BIRD
TONY

BANK
LORRAINE

BANKO
MIKE

BARDYGULA-NONN
LIDIA

BEATTY
STEVE

BEETON
ALFRED M

BENSON
AMY I

BENSON
LARRY

BERGER
BRYAN

BERUBE
ROGER

BETBEZE
ARNOLD

BIALECKI
DENNIS

BIDLACK
CINDY

BIERMAN
VICTOR

BILLS
TERRY

MAC ALE STER COLLEGE
DEFI'. OF BIOLOGY

MAC ALESTER COLLEGE
DEPT, OF BIOLOGY

TENNESSEE SHELL COMPANY

TENNESSEE SHELL COMPANY

UNIVERSITY OF WISCONSIN-SUPERIOR
CLES

DUQUESNE LIGHT CO.

UNIVERSITY OF WISCONSIN-MILWAUKEE
CENTER FOR GREAT LAKES STUDIES

US ARMY CORPS OF ENGINEERS

US FISH k WILDLIFE SERVICE
NATIONAL FISHERIES RESOURCES CENTER

WISCONSIN DNR

TENNESSEE VALLEY AUTHORITY

CRANE ENGINEERING SALES

SOUTHEPPl ILLINOIS UNIVERSITY
ILLINOIS RIVER PROJECT

LIMNOTECH. INC.

US FISH k WILDLIFE SERVICE
NATIONAL FISHERIES RESEARCH CENTER

SEAWARD MARINE SERVICES

1800 GRAND AVENUE
BARSTOW BLDG 4
SUPERIOR WI 54880-2898

3001 DICKEY ROAD
EAST CHICAGO IN 46312

PO BOX 4. B V-ERF
SHIPPINGPORT PA 15077

600 E. GREE NFIELD
MILWAUKEE WI 53204

PO BOX 59
LOUISVILLE KY 40201

2205 COMMONWEALTH BLVD
ANN ARBOR MI 48105-1593

7920 NW 71ST STREET
GAINSVILLE FL 32606

WW/2, PO BOX 7921
MADISON WI 53707-7921

PO BOX 38
KIMBERLY WI 54136-0038

1010 EST STE CATHERINE SIEME ETAGE
MONTREAL QUEBEC H2L 2G3

1101 MARKET ST
CHATTANOOGA TN 37402-2801

PO BOX 38
KIMBERLY WI 54136-0038

BOX '7'!'!'!

EDWARDS VILLE IL 62026-2222

20780 S GATEHOUSE DRIVE
SOUTH BEND IN 46637

2630 ZANTA REED ROAD
LA CROSSE WI 54601

5409 BEAMON RD
NORFOLK VA 23513
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CMP COATINGS, INC. 1610 ENGINEERS ROAD
BELLE CHASSE LA 70037

BIRD WELL
TOM

BLODGETT ILLINOIS NATURAL HISTORY SURVEY 704 N SCHRADER AVENUE
LONG TERM RESOURCE MONITORING PROGRAM HAVANA IL 62644DOUG

BLOSCO OHIO EDISON COMPANY
JOHN

COOK SCREEN TECHNOLOGIESBOERSMA
ED

BOLES
LARRY

BOLTE
JIM

BOLTZ
SUZANNE

BONNER
THOMAS

BORDELEAU
LUC

BOYLE
JIM

U.S. ARMY CORPS OF ENGINEERS

MICHIGAN STATE UNIVERSITYBRADY
VAL

BRENCE UNIVERSITY OF CINCINNATI
WILLIAM ALEXANDER DEPARTMENT OF BIOLOGICAL SCIENCES

BUCKMAN LABORATORIES INC.

JVB DEVELOPMENT INC

TENNESSEE VALLEY AUTHORITY

EXXON CHEMICAL COMPANY

AMIAD FILTRATION SYSTEMS

2206 S. MAIN STREET. SUITE C
B LACKS BURG VA 24060

VIRGINIA GAME 4 INLAND FISHERIES

361 BIRGE HALI UW MADISON
MADISON Wl 53706

1110 S. COLLEGE AVE.
COI UMBIA MO 65201

BREYLEY
LOU

BROCKHURST
JACK

BRODIE
GREG

BROOKS
GARY E,

BROPHY
JIM

BRUENDERMAN
SUE

BUCHAN
LUCY

BUCHANAN
ALAN

VIRGINIA INSTITUTE OF MARINE SCIENCE

COMMONWEALTH EDISON
I FIRST NATIONAL PLAZA

EA ENGINEERING, SCIENCE k TECHNOLOGY

SUNY COLLEGE/BROCKPORT
DEPARTMENT OF BIOLOGICAL SCIENCES

LABATT BREWERIES OF CANADA

UNIVERSITY OF WISCONSIN-MADISON

ROUTE 7, PO BOX 176
STRATTON OH 43961

1282 GLENDALE MILORD RD
CINCINNATI OH 45215

PO BOX 1346
GLOUCESTER POINT VA 23062-1346

10 S DEARBORN, 35 FFW
CHICAGO IL 60603

11019 MCCORMICK RD
HUNT VALLEY MD 21031

012H COOPER HALL
BROCKPORT NY 14420

150 SIMCOE STREET PO BOX 5050
LONDON ONTARIO N6A 4M3

1776 NIAGARA ST
BUFFALO NY 14207

203 NATURAL SCIENCE BLDG, MSU
EAST LANSING MI 48824

821 REIVESCHI IVIL 0006
CINCINNATI OH 45221-0006

1256 N. MCLEAN BLVD.
MEMPHIS TN 38108

94 S. LANE
ANGOLA NY 14006

1101 MARKET ST .WRBA-C
CHATTANOOGA TN 37402

5909 N.W. EXPRESSWAY. ST. 238
OKLAHOMA C!TY OK 73132

14141 COVELLO STREET, 7C
VAN NUYS CA 91405
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SAVE THE ST. CROIX

SAVE THE ST, CROIX

US FISH k WILDLIFE SERVICE

VERONA AREA HIGH SCHOOL

UNIVERSITY OF DAYTON
DEPAKTMENT OF BIOLOGY

US FISH k WILDLIFE SERVICE 9317 HIGHWAY 99, SUITE 1
VANCOUVER WA 98665

EAST LANSING Ml 48824

2100 SECOND STREET SW
WASHINGTON DC 20593-0001

N1496 US-41
MENOMINEE MI 49858

BUST
DON

ENVIRONMENTAL SCIENCE k ENGINEERING INC. 11665 LILBURN PARK ROAD
SENIOR LAB TECHNICIAN ST. LOUIS MO 63146

LOYOLA UNIVERSITY 6525 N. SHERIDAN RD.
CHICAGO IL 60626

PO BOX 359
SHARON WI 53585

403 W UNCOLN HWY. SUITE 107
EXTON PA 19341

1610 ENGINEERS ROAD
BELLE CHASSE LA 70037

B ETZ INTERNATIONAL

CMP COATINGS INC.

U. OF LOUIS VILLE
LOUISVILLE KY 40292

600 R Ec D CENTRE
268!VAIN STREET
BUFFALO NY 14202

CHAILLOU
JANIS

CHALKER SCOTT
LINDA

CHANG
TIAO

9200 RUMSEY RD
COLUMBIA MD 21045

VERSAR, INC

SUNY COLLEGE AT BUFFALO
ASSISTANT PROFESSOR

OHIO UNIVERSITY
DEPARTMENT OF CIVIL ENGINEERING

1300 ELMWOOD AVENUE
BUFFALO NY 14222-1095

ATHENS OH 45701
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BULERA
STACEY

BULERA
TOM

BURKE
PAUL

BURKES
MARSHALL

BURKY
ALBERT

BURLEY
CURT

BURTON
TOM

BURTON
LT JON

BUTZLAFF
TODD

CALL
CHRISTOPHER

CARMICHAEL
NANCY

CARROLL
JOHN B

CASEY
KEVIN

CASPER
ANDREW

CAVALCOLI
MONA

MICHIGAN STATE UNIVERSITY
DEFT OF ZOOLOGY

US COAST GUARD
MARINE ENVIRONMENTAL PROTECTION DIV.

UNIVERSITY OF LOUISVILLE
DEPT. OF BIOLOGY

R 4 D ENGINEERING C LAND SURVEYING

16777 16TH ST, S. LAKE
ST. CROIX BEACH MN 55043

16777 16TH STREET
LAKELAND MN 55043

4101 E, 80TH ST,
BLOOIVIINGTON MN 55425-1665

700 N. MAIN ST.
VERONA WI 53593

DAYTON OH 45469-2320



CHANLEY
WILLIAM

CHARLTONt MURRAY N
CHASE

ENVIREX INC

COBB
JOHN

STELCO INC.

7575 CORNELL RD.
CINCINNATI OH 45242
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MARCO

CHASE
RICKI

CHAUHAN
BAK

CHKESMAN
ROY

CHOTKOWSKI
MIKE

CHRISTIANS EN
DON

CLARK
DAVE

CLARKE
MICHAEL

CLAUDI
RENATA

CUNK
SHELLY

CLUM
DAVE

COLE
JERRY

CON AND
DEAN A

CONN
DAVID BRUCE

COOK
KIM

COOK
LEE

COON
THOMAS G

PSI ENERGY
GALLAGHER GENERATING STATION

CANADA CENTER FOR INLAND WATERS

THE UNIVERSITY OF WESTERN ONTARIO
DEPARTMENT OF ZOOLOGY

UNIVERSITY OF TEXAS ARLINGTON
CTR. FOR BIOL MACROFOULING RESEARCH

MINISTRIES OF ENVIRONMENT k ENERGY

UNIVERSITY OF WISCONSIN-MADISON

CHRISTIANSEN CONSULTING

TRI-STATE COMMER DIVING

UNIVERSITY OF TEXAS-ARLINGTON
CIR. FOR BIOL MACROFOULING RESEARCH

ONTARIO HYDRO

AWWA
RESEARCH FOUNDATION

FIRST THERI461L SYSTEMS INC

ENVIRONMENTAL DYNAMICS

S PARTON ELECTRONICS

THE UNIVERS1TY OF THE SOUTH
ASSOCIATE PROFESSOR OF B IOLOGY

S3', KINNEY ENGINEERS, INC.

WHEELABRATOR ENGINEERS

MICHIGAN STATE UNIVERSITY
DEPARTMENT OF FISHERIES 4 WILDLIFE

PO BOX 409
NEW ALBANY IN 47150

867 LAKESHORE ROAD PO BOX 5050
BURLINGTON ONTARIO L7R 4A6

LONDON ONTARIO N6A 5B7

BOX 19498
ARLINGTON TX 76019-9498

135 ST CLAIR AVENUE
TORONTO ONT M4V IP5

1901 S PRAIRIE AVENUE PO BOX 1604
WAUKESHA WI 53187-1604

361 BIRGE HALL
MADISON WI 53706

PO BOX 2563
CARLSBAD CA 42018

PO BOX 1213
SOUTHGATE MI 48195

PO BOX 19498
ARLINGTON TX 76019-9498

700 UNIVERSITY AVENUE, ¹A7-A4
TORONTO ONTARIO MSG IX6

6666 W. QUINCY AVENUE
DENVER CO 80235

PO BOX 4756
CHATTANOOGA TN 37405

PO BOX 359
SHARON WI 53585

2400 E. GANSON STREET
JACKSON MI 49202

WILCOX STREET, PO BOX 2030
HAMILTON ONTARIO LBN 3T I

DEPARTMENT OF BIOLOGY
SEWANEE TN 37383-1000

143 FIRST AVENUE
CARNEGIE PA 15106

EAST LANSING MI 48824



COYLE
JEFF

800 S, WASHINGTON
MEREDOSIA IL 62650

1735 NEIL AVE.

De KAM
JOHN A.

150 DEXTER COURT
EL,GIN IL 60120

WINONA MN 55987
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COPE
W GREGORY

CORKE
BOB

COSCARELLI
MARK

COSTELLO
LAURA

COTTRELL
CATHY

COWAN
JOE

CROWL
LOWELL

CULVER
DAVID A

CURIE
BOB

CUSSOM
BRIGIITE

DABROWSKA
HENRYKA

DAUGHERTY
JOHN

DAVIG
PAUL

DAWSON
VERDEL

DEAN
DEBORAH

DEIBERT
LARRY

zDELONG
MIKE

DENNIS
LYLE

DETEMPLE
DONALD

US FISH k WILDLIFE SERVICE
NATIONAL FISHERIES RESEARCH CENTER

CALIFORNIA DEPARTMENT WATER RESOURCES

MICHIGAN DNR
OFFICE OF GREAT LAKES

UNIVERSITY OF TORONTO
DEPARTMENT OF MECHANICAL ENGINEERING

MOLINE WATER DEPARTMENT

CENTRAL ILLINOIS PUBLIC SERVICE

WATER PROCESS SYSTEMS INC

OHIO STATE UNIVERSITY
DEP~NT OF ZOOLOGY

STRANCO, INC.

LABORATOIRES SAB INC.

NATIONAL PARK SERVICE

MADISON GAS k ELECTRIC

NATIONAL FISHERIES RESEARCH

BAY METRO WATER TREATMENT PLANT 2691
SUPERINTENDENT

UNIVERSITY OF GUELPH
DEPARTMENT OF ZOOLOG Y

CITY OF ELGIN

WINONA STATE UNIVERSITY
BIOLOGY DEPARTMENT

EASTMAN KODAK CO.

WW OPERATION SERVICES

PO BOX 818
LA CROSSE WI 54602-0818

1416 9TH STREET RM 1638
SACRAMENTO CA 958 19

PO BOX 30028
LANSING M148909-0028

400 S 13TH STREET
LOUISVILLE KY 40203

5 KINGS COLLEGE ROAD
TORONTO ONT M5S 1A5

619 16TH ST
MOLINE IL 61265

7925 E 40TH STREET
TULSA OK 74145

1735 NEIL AVENUE
COLUMBUS OH 43210

595 INDUSTRIAL DRIVE PO BOX 389
BRADLEY IL 60915-0389

7869 SAINT-DEN IS
MONTREAL QUEBEC HZR ~&9

OHIO STATE UNIVERSITY
COLUMBUS OH 43210

PO BOX 708
ST CROIX FALLS WI 54024

PO BOX 1231
MADISON WI 53701

BOX 818
LA CROSSE WI 54601

2e91 N. EUCLID ROAD
BAY CITY MI48706

GUELPH ONTARIO N IG 2W I

541 EDGEMERE DR.
ROCHEsTER NY 14652-4N3

1101 26TH AVE, PO BOX 241
MENOMINEE RI 49858



D EXTRASE
ALAN

DIETZ

MINISTRY OF NATURAL RESOURCES BOX 309
SIOUX LOOKOUT ONTARIO POv 2T0

ZOZ LSB
BATON ROUGE LA 70803

5842 E VERWOOD
TOLEDO OH 43613

1841-B LAVOISIER
STE JULIE QUE J3E 1Y6

GUELPH ONTARIO N I G ZWI

THOMAS

DIGBY

SUBDEV CANADA INC.
BIOLOGIST

UNIVERSITY OF GUELPH
DEPARTMENT OF ZOOLOG Y

UNIVERSITY OF GUELPH
DEP~NT OF ZOOLOGY

GUELPH ONTARIO NIG 2W1

PO BOX 8208
RALEIGH NC 27605-8208

RD III, PO BOX 208
DELTA PA 17314

1945 W. PARNALL ROAD. MS P13 107
JACKSON MI 49201

5 KINGS COLLEGE ROAD
TORONTO ONTARIO M5R ZR6

PECO ENERGY COMPANY

CONSUMERS POWER COMPANY

UNIVERSITY OF TORONTO
DEFI'. OF MECHANICAL ENGINEERING

ONTARIO HYDRO 5775 YONGE STREET N 10-A3
NORTH YORK ONT M2M 4J'7

DOW VERONA AREA HIGH SCHOOL 300 N. RICHARD STREET
VERONA WI 53593-1199

PO BOX 94
OAK CREEK WI 53154

965 CHESTERBROOK BLvD
WAYNE PA 19087

1776 NIAGARA STREET
BUFFALO NY 14807

RICHARD

DUCHNIAK
DAN

DUNSTAN
PAMELA

OAK CREEK WATER 4 SEWER

PECO ENERGY COMPANY

DYE
GARY L.

US ARMY CORPS OF ENGINEERS

6530 INDIAN RIVER ROAD
VIRGINIA BEACH VA 23464

BPCI-CHEML IN K 10717 BENTLEY PASS LANE
CINCINNATI OH 45140

ELF ATOCHEM NORTH AMERICA INC. RT 3 BOX 259, RM 619
BLOOMFIELD IN 47424

ONTARIO HYDRO TECHNOLOG IES
CHEMIST

800 KIPLING AVENUE
TORONTO ONTARIO M8Z 5S4
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RICHARD

DION
JEROME

DOBSON
EVAN

DOKA
SUS AN

DOLL
BARBARA A.

DONELL
JOE

DONNER
STEPHEN P.

DORMON
JANE

DORNKANU
ANE MARIE

EADES
RICHARD T.

EBERT
THOMAS

ELZINGA
WILLIAM J.

ESTES
TONY

EVANS
DAVE

LOUISIANA STATE UNIVERSITY
DEPARTMENT OF ZOOLOGY k PHYSIOLOGY

NORTH COAST LABS, INC,

NoRTH cAROLINA s TATE UNIVERsITY
SEA GRANT COASTAL WATER QUALITY SPEC.

DEPARTMENT OF GAME k INLAND FISHERIES

ENvIRONMENTAL SCIENCE 8 ENGINEERING INc. I le65 LILBORN PARK ROAD
ST LOUIs MO e314e 3535



EWINS
PETER

FAHLSING
RAY

FALK
JAMES M.

FARMA
TONY

FEARS
CLOIS D,

FEERS
WILLIAM

MICHIGAN DNR

THE HILL SCHOOL

LMNO-TECH. INC.FEIST
TIM

HYDRO-QUEBEC

ASSISTANT ENGINEER

FERRO
THOMAS

FICEK
KEN

FLANNERV
JIM

FLEURENT
GINETIE

FLOOD
TERRY J.

FOBES
RONALD L.

FONG
PETER

FORESTER
JOHN

FOWLES
MIKE

FRANCIS
PATRICK

FRENCH
JOHN

GANT
MICHAEL E

GARRETT
BILL

G ARTON
DAVID W.

CANADIAN WILDLIFE SERVICE

UNIVERSITY OF DELAWARE
COLLEGE OF MARINE STUDIES

PHILADELPHIA WATER DEPT.

DELTA APPLIED TECHNOLOGY, INC,

AQUATECH ENVIRONMENTAL. INC
SENIOR SCIENTIST

CARUS CHEMICAL COMPANY

CHEMICAL CONTROL SYSTEMS

CONSUMERS POWER COMPANY
ENVIRONMENTAL DEPARTMENT

WAYNE STATE UNIVERSITY
DEPARTMENT OF PHYSIOLOGY

US ARMY CORPS OF ENGINEERS

OAK CREEK WATER k. SEWER

US FISH k WILDLIFE SERVICE

CITY OF ST. LOUIS
WATER DIVISION

ALAB AhfA POWER COMPANY

INDIANA UNIVERSITY-KOKOMO
DEPT. OF BIOLOGICAL 4 PHYS ICAL SCIENCE

PO BOX 5050
BURLINGTON ONTARIO L7R 4A6

PO BOX 30257
I.ANSING MI 48909

700 PILLOTOWN ROAD
LEWES DE 19958-1298

1500 E. HUNTING PARK AVE.
PHILADELPHIA PA 19124

100 SANDUNE COURT, SUITE B
PITTSBURGH PA 15239

917 EAST HIGH STREET
POTTSLAWN PA 19464

2395 HURON PARKWAY
ANN ARBOR MI 48104

PO BOX 402
CLARENCE NY 14031-0402

1001 BOY CE MEMORIAL DRIVE
OTTAWA IL 61350

420 EAST OHIO, SUITE 29G
CHICAGO IL 60611

1010 STE CATHERINE ST., EAST 6FI
MONTREAL QUEBEC ~~ 2G3

1401 FRONT STREET
TOLEDO OH 43605

1945 W. PARNALL ROAD
JACKSON MI 49201

DETROIT Ml 48201

230 PARKER COLISEUM
REURG CA 70808

RR ¹I, BOX 326
EXPOR'T PA 15632

PO BOX 94
OAK CREEK WI 53154

1451 GREEN ROAD
ANN ARBOR MI 48105

10450 RIVERVIEW DRIVE
ST LOUIS MO 63137

PO BOX 2641
BIRMINGHAM AL 35291-2641

2300 S. WASI-IINGTON STREET
KOKOMO I N 46904
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GAULKE
ALAN E.

GAUTHIER ONTARIO HYDRO
CLAUDE

GEE

BORDEN

RIO LINDA

GILL
PATRICK H

GINGERICH
ANGELA

G LASER
GUS

WISCONSIN DNR

ONTARIO HYDRO

GROSS
SHARON

GUILL
GEORGE N

5131 MANER ROAD
SMYRNA GA 30080
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RALPH

GENOVESE
ERIN

GERBER
BURT

GERMER
MARK

GEROVAC
PAUL

G IAMB ERINI
LAURE

GLONEK
THOMAS

GOBLE
BEN

GOINDI
S,

GORDON
GREG

GOULET
BLAKE

GRACH
JOHN

GRIGOROVICH
IGOR

AMERICAN ELECTRIC POWER SERVICE CORP.

HYDRITE CHEMICAL COMPANY

WESTERN ILLINOIS UhtIVERSITY

UNIVERSITY OF WISCONSIN-MILWAUKEE
CENTER FOR GREAT LAKES STUDIES

CJI.E.U.M. BP 4116

CALGON CORP.
WATER MANAGEMENT DIVISION

OHIO STATE UNIVERSITY

MIDWESTERN UNIVERSITY
MR LABORATORY

FERRO CORPORATION

ONTARIO HYDRO/DARLINGTON NGS
OPERATIONS

AQUATIC SCIENCES, INC,

CANADIAhf COPPER AND BRASS

INSTITUTE OF HYDROB tOLOGY

US FISH dc WILDLIFE SERVICE

GEORGIA POWER COMPANY
ENVIRONMENTAL LABORATORY

PO BOX 16631
COLUMBUS OH 43216-6631

700 UNIVERSITY AVENUE A8-G8
TORONTO ONTARIO MSG 2C6

PO BOX 2763
OSHKOSH WI 54903

DEPT. OF BIOLOGICAL SCIENCES
MACOMB IL 61455

630 GLENDALE-MILFORD RD
CINCINNATI OH 45215

413 BRETON
LAFAYETTE LA 70508

600 E GREENFIELD AVE
MILWAUKEE WI 53204-2944

RUE DES RECOLLETS, CEDEX,01
METZ 57040
FRANCE

PO BOX 1346
PITTSBURGH PA 15230-1346

1735 NEIL AVE.
COLUMBUS OH 43210-1293

PO BOX 10448
GREEN BAY WI 54307-0448

5200 S, ELLIS AVE.
CHICAGO IL 60615

1301 N. FLORA ST.
PLYhtOUTH IN 46563

PO BOX 4000
TIVERTON ONTARIO NOG 2TO

PO BOX 4000
BOWMAN VILLE ONTARIO L1C 3Z8

45 HANNOVER. STE. 1. PO BOX 2205B
ST. CATHARINES ONTARIO L2M 6P6

10 GATEWAY. STE. 375
DON MILLS ONTARIO M3C 3Ai

12. GEROYEV STALINGRADA PROSP.
KIEV
UKRAINE

4401 N FAIRFAX DRIVE RM. 840
ARLINGTON VA 22203



UW-LA CROSSE

WISCONSIN DNR

WISCONSIN DNR

GUNDERSON
JEFF

HAGEMAN
JOHN

HALE
LARRY

HALL
JAMES J,

HANSON
HEATHER

HANSON
ELIZABETH

HARDING
JULIAN A

HARILDSTAD
KEITH

HARM ELING
DAVE

HARTWICK
TOM

HAUSLER
MARK

HAVLIK
IVIARIAN

HAY
ROBERT

HEATH
ROBERT T.

HEIL
DAVID

HRJKA
TED

HELTON
BARNEY

HERMAN
LAURA

HE RIVIILLER
MARC

HESTER
WILB URN L.

UNIVERSITY OF MINNESOTA/DULUTH
MINNESOTA SEA GRANT EXTENSION

OHIO STATE UNIVERSITY
F.T. STONE LABOR ATORY

DREW CHEMICAL

DUKE POWER COMPANY
TRAINING 4 TECHNOLOGY CENTER

OCONTO HIGH SCHOOL

UNIVERSITY OF WISCONSIN SEA GRANT
ADVISORY SERVICES

INTERSTATE POWER COMPANY

WPEc L/EDGEWATER STATION
ASSISTANT GENERATING STATION MANAGER

US STEEL

MALACOLOG ICAL CONSULTANTS

KENT STATE UNIVERSITY
DEPARTMENT OF BIOLOGICAL SCIENCE

CAPITAL CONTROLS COMPANY INC.

ANN ARBOR WATER TREATMENT

TENNESSEE VALLEY AUTHORITY

NALCO CHEMICAL COMPANY

COMMONWEALTH EDISON COMPANY

208 WASHBURN HALL
DULUTH MN 55812-24'20

PO BOX 119
PUT-IN-BAY OH 43456-0119

18 W 100-22ND STREET, SUITE 110
OAKB ROOK TERRACE IL 60181

13339 HAGERS FERRY ROAD
HUNTERSVILLE NC 28078-7929

1717 SUPERIOR AVENUE
OCONTO WI 54 153

1800 UNIVERSITY AVENUE
MADISON WISCONSIN 53706

5400-L MONTGANERY SQUARE DR
KETTERING OH 45440

1000 MAIN STREET, PO BOX 769
DUBUQUE IA 52004-0769

PO BOX 356
SHEBOYGAN WI 53082-0356

I N. BROADWAY
GARY IN 46402

PO BOX 360
NORTH LIBERTY IA 52317

1603 MISSISSIPPI STREET
LA CROSS E WI 54601-4969

PO BOX 7921
MADISON WI 53707

KENT OH 44242-IXJ01

3000 ADVANCE LANE. PO BOX 211
COLMAR PA 18915-0211

919 SUNSET
ANN ARBOR MI 48103

BR2A 1101 MARKET STREET
CHATTANOOGA TN 37402-2801

107 SUTLIFF AVENUE, PO BOX 818
RHINELANDER WI 54501O818

1 NALCO CENTER
NAPERVILLE IL 60563

1400 OPUS PLACE, SUITE 800
DOWNERS GROVE IL 60515
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HILGEViIJORF
MARAN

HINCKS

OHIO SEA GRANT

8 HERI

HOBBS

HARZA CONSULTING

UCISCO

5205 HWY. 31 SOUTH
LONOKE AR 72086

HUGHES
LORAS C.

HUGHES
ROBIN

BOX 3567
DAVENPORT IA 52808

HUSHAK
LEROY

2020 RIDGE AVE.
EVANSTON IL 60208

BRIAN

HOLBROOK
DOUG

HOLLAND
RUTH

HOLT
LEONARD

HOOSE
JOHN

HOPPER
BOB

HORNBACH
DANIEL J.

HORVATH
THOMAS

ISBER
PHIL

JACKLIN
ROGER R.

JACQUAZ
BERNADETTE

JAIIVI E
BRUCE

JAMES
WILI IAM

JENKINSON
JOHN

JENNER
H. A.

UNIVERSITY OF GUELPH
DEPARTMENT OF ZOOLOG Y

SEAWARD MARINE SERVICES

DAYTON POWER k LIGHT

UNIVERSITY OF MICHIGAN

HOPPER-STEPHEN HATCHERIES

MALCALESTER COLLEGE
DEPARTMENT OF BIOLOGY

UNIVERSITY OF NOTRE DAME
DEPARTMENT OF BIOLOGICAL SCIENCES

ALCOA

ONTARIO HYDRO
CIVIL RESEARCH

OHIO STATE UNIVERS1TY
SEA GRANT ADVISORY SERVICES LEADER

MYCO INDUSTRIES INC.

DEARBORN CHEMICAL COMPANY LTD.

LABORATOIRES SAB INC.

NORTHWESTERN UNIVERSITY

USAE EAU GALLE LIMNOLOGY

TENNESSEE VALLEY AUTHORITY

13 14 KINhlEAR RD.
COLUMBUS OH 43212-1194

GUELPH ONTARIO N I G 2W1

5409 BEAMON ROAD
NORFOLK VA 23513

PO BOX 147
MANCHESTER OH 45679

A055 UNIV OF MICHIGAN
ANN ARBOR MI 48109-2143

233 S, WACKER DRIVE
CHICAGO IL 60606-6392

222 PENNBRIGHT, SUITE 300
HOUSTON TX 77090

1600 GRAND AVENUE
ST. PAUL MN 55105

NOTRE DAME IN 64556

800 KIPLING AVENUE
TORONTO ONTARIO M8Z 5S4

2120 FYFFE ROAD
232 AGRICULTURAL ADMIN,
COLUMB US OH 43210-1010

11 HERRIOT STREET
PALGRAVE ONTARIO LON 1PO

3451 ERINDALE STN ROAD PO BOX 3060
MISSISSAUGA ONTARIO L5A 3T5

7869 SAINT-DENIS
MONTREAL QUEBEC ~i 2E9

BOX 237
SPRING VALLEY WI 54767

HB 2C 1101 MARKET STREET
CHATI'ANOOGA TN 37402

LITRECHTSEWEG 310
ARNHETT 6812 AR
THE NETHERLANDS
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USFWLS

UNIVERSITY OF IOWA

CHEMLINK

K END ALL-EAGLESON INDIANA UNI'i7ERSITY
SHERIE

KENIRY
TAMMY

KENNEDY
IASON

KENNEDY
VICTOR S,

KENT
JIM

KERLEY
BERNIE L.

JENNINGS
SUE

JENNINGS
CECIL A.

JENSEN
DOUG

JOHNS
CAROLYN

JOHNSON
ROGER

JOHNSON
LADD

JOHNSON
I KENT

JOHNSON
BRIAN

JONES
RtCHARD

JORDAN
ALAN

KADINGER
DAVID

KAJOASZ
RALPH

KANDT
DEAN

KARSKI
WES

ST CROIX NATIONAL SCENIC RIVERWAY

MINNESOTA SEA GRANT

ST. LAWRENCE UNIVERSITY
ENVIRONMENTAL STUDIES PROGRAM

APPLETON WATER DEPT.

MYSTIC SEAPORT MUSEUM

WALPOLE ISLE FIRST NATION

FORT HOWARD CORPORATION

UNIVERSITY OF BUFFALO
CENTER FOR BIO. SURFACE RESEARCH

KADINGER MARINE SERVICE INC,

ASCI CORP
LARGE LAKES RESEARCH STATION

ONTARIO HYDRO

ILLINOIS NATURAL HISTORY SURVEY
LAKE MICHIGAN BIOLOGICAL STATION

MALCOLM-PIRNIE INC,

UNIVERISTY OF MARYLAND
HORN POINT ENVIRONMENTAL LAB

DEPARTMENT OF FISHERIES Ec OCEANS

TENNESSEE VALLEY AUTHORITY
AQUATIC BIOLOGY DEPARTMENT

PO BOX 708
ST CROIX FALLS Wt 54024

PO BOX 818
LA CROSSE WI 54602%818

2305 E. 5TH STREET
DULUTH MN 55812

CANTON NY 13617

125 N. WALNUT STREET
APPLETON Wt 549» <692

UNIVERSITY OF CALIFORNIA
SANTA BARBARA CA 93106

PO BOX 360
NORTH LIBERTY IA 53217

RR 83
WALLACEBURG ONTARIO NSA4K9

PO BOX 19130
GREEN BAY WI 54307-9130

6448 BOSTON RIDGE ROAD
ORCHARD PARK NY 14127

401 E. GREENFIELD AVE,
MILWAUKEE Wl 53204

4022 BOOT ROAD
DOWN INGTOWN PA 19335

9311 GROH ROAD
GROSSE ILE MI 48138

BNGS "A" B06. PO BOX 3000
TIVERTON ONTARIO NOG 2TO

1715 OVERLOOK RD.
MARION IN 46952

400 17TH STREET
ZION 1L 60099

1000 PITI'SFORD VtCTOR ROAD
PITTSFORD NY 14534

PO BOX 775
CAMBRIDGE MD 21613-0775

200 KENT STREET STN 1414
OTTAWA ONTARIO K1A OE6

NORRIS TN 37828
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KHALANSKI
MICHEL

6 QU AI WATIER
CHATOU CEDEX 78401
FRANCE

KING
JUSTIN

KINNEY
BABE

KITCHEL
HELEN

KITCHELL
JIM

KLIEGMAN
JON

PO BOX 499
COLUMBUS NE 68602-0499

143 FIRST AVENUE
CARNEGIE PA 15106

607 E. PEABODY
CHAMPAIGN IL 61820

CENTER FOR LIMNOLOGY U W-MADISON
MADISON WI 53706

RID LINDA CHEMICAL PO BOX 345
WAYNE NJ 67470

KLINGER-KINGSLEY WI POWER 4 LIGHT COMPANY
SHARON

PUREZRADE. INC.

PO BOX 2004
ROCK ISLAND IL 61204-2004

PO BOX 38
KIMBERLY WI 54136-0038

9311 GROH ROAD
GROSSE JLE MI 48138

BETZ INDUSTRIAL I QUALITY WAY
TREVOSE PA 19053

LAMMERS 302 S. RIVER PARK DRJVE
GUTTEN BERG IA 52052
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KLUNiDT
STEVE

KhlOWLTON
JAMES J.

KOEPLIN-GALL
SANDY

KOOPMANS
ROBERT

KOTHARI
NILAKSH J.

KOWALEWSKI
JOHN

KRAFI'
CLIFFORD

KRACIUA
RANDY

KRASIN
KENT

KREIS
RUSSELL G.

KREUSER
RICHARD

LACY
JAMES

ELECTRIC ITE DE FRANCE
DEPT ENVIRONNEMENT BP 49

NEBRASKA PUBLIC POWER DISTRICT
ENVIRONMENTAL SPECIALIST

S P KINNEY ENGINEERS, INC.

ILLINOIS NATURAL HISTORY SURVEY

GILBERT COMMONWEALTH INC.
PROJECT MANAGER

NALCO CHEMICAL COMPANY
MARKET DEVELOPMENT MANAGER

ONTARIO HYDRO TECHNOI.OGIES
SENIOR ENGINEER

MANITQWOC PUBLIC UTILITIES

ONTARJO HYDRO/MECHANICAL RESEARCH
KR278

UNIVERSITY OF WISCONSIN SEA GRANT
ADVISORY SERVICES

CORPS OF ENGINEERS

CRANE ENG INEERING SALES

US ENVIRONMENTAL PROTECTION AGENCY

R.T, KREUSER & ASSOCIATES

UNDERWATER TECH. SERVICES

222 W WASHINGTON AVENUE
MADISON WI 53703-2793

215 W. PALM AVENUE. STE. 202
BURBANK CA 91502

PO BOX 1498
READING PA 19603-1498

I NALCO CENTER
NAPERVILLE IL 60563-1198

800 KIPLING AVENUE
TORONTO ONTARIO M8Z 5S4

1303 S. 8TH STREET, PO BOX 278
MANITOWOC WI 54220-0278

800 KIPLING AVENUE
TORONTO ONTARIO M5G I X6

ES 105 UW- GREEN BAY
GREEN BAY WI 54311-7001

PO BOX 86622
BATON ROUGF LA 70879-6622



LANE
TONY

ONTARIO HYDRO

HYDRO-QUEBEC

RONNINGEN-PETTER

LEAK
J. R.

2612 JACKSON
B RADFORD AR 72020

GRACE DEARBORN

1000 E. MAIN STREET
PLAINFIELD IN 46168
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LANGE
CAMERON L.

LANGELLIER
ROBERT A,

LAPCZYNSKI
TOM

LARSON
BRIAN

LATSHAW
CHER YL

LAITA
LARRY

LAUER
THOMAS

LAVALLEE
MATTHIEU

LAW
BRUCE

Le PAGE
WILFRED LAURIER

LEASVRE
ROBERT

LEE
EDWIN

LEEK
DENISE

LEhf AY
BRIAN

LESTER
MARTY

LEWIS
B. DON

LEWIS
RANDY

LIMA
GAIL M.

MYCO INDUSTRIES INC,

ACRES INTER NATION AL CORP
SENIOR ENVIRONMENTAL SCIENT!ST

SUPERVISOR ENVIRONMENTAL SERVICES

WISCONSIN POWER 4 LIGHT

DREW INDUSTRIAL DIVISION

AMERICAN ELECTRIC POWER

PURDUE UNIVERSITY

MONROE WATER WORKS
SUPERINTENDENT WATER TREATMENT

FIRST THERMAL S YSTEMS INC.

LEASURE SHELL CO. INC.

MURRAY STATE UNIVERSITY

FACTORY MUTUAL ENGINEERING ASSN.

FERRO CORPORATION

AQUATIC SCIENCES INC.

PSI ENERGY
ENVIRONMENTAI. PROGRAMS

ILLINOIS WESLEYAN U NIVERS ITY
BIOLOGY DEPARTMENT

11 HERRIOT STREET
PALGRAVE ONTARIO LON 1PO

140 JOHN JAMES AUDUBON PKWY.
AMHERST NY 14228-1180

7e S. MAIN STREET
AKRON OH 44308

800 HYDRO RD.
PORT CREDIT ONTARIO L5G 4M1

PO BOX 0175
CASS VILLE WI 53806-0175

3155 FIBERGLASS RD,
KANSAS CITY KS 66115

1 RIVERSIDE PLAZA
COLUMBUS OH 43215-2355

1200 FOREST PRODUCTS BUILDING
WEST LAFAYETTE IN 47907

855 E, ST. CATHERINE ST.
MONTREAL QUEBEC H2L 4P5

9151 SHAVER ROAD. PO BOX 188
PORTAGE MI 49801-0188

915 E. FRONT STREET
MONROE MI 48 le 1

PO BOX 4756
CHATTANOOGA TN 37405

300 GENESEE ST.
LAKE ZURICH IL 60047

CENTER FOR RESERVOID RESEARCH
MURRAY KY 42071

5650 YONGE STREET SUITE 1404
NORTH YORK ONTARIO M2M 4G3

1301 N. FLORA ST.
PLYMOUTH IN 46563

45 HANNOVER DRIVE PO BOX 2205 STN
ST. CATHARINES ONTARIO LIM 6P6

PO BOX 2900
B LOOMINGTON IL 61702-2900



LINDAHL
BOB

MINNESOTA POWER

LIPPINCO~
BRUCE L,

UNIVERSITY OF IOWA 209 AMRF
IOWA CITY IA 52242

LUBNKR
JAMES

LYONS
SID

ROUTE 87, PO BQX 32
MEHOOPANY PA 18629

MacISAAC
HUGH I,

MacKAY
BETH

MacKINNON
WENDELL

MacKAY
IAN

ASCI CORPORATIONMACKELBURG
LAURI

MACKIE
GERRY

ADENJIAN
CFIARLES

MADON

6100 COLUMBUS AVE
S AND US K Y OH 44870

PO BOX 590
HAVANA 1L 62644
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LITHERLAND
P. M.

LOCATI
BRENDA

LOM AQUAHU
EMERSON S.

LONG
JIM

LORD
JEFF

LOWE
REX

I.OWTHER
DAVE

LUBBEN
DOUG

LAWLOR MATUSKY 8c SKELLY

US COAST GUARD
NAVAL ENG FNEER I NG

MINNESOTA SEA GRANT

AWWA
RESEARCH FOUNDATION

MUSCATINE POWER 4 WATER

INTERNATIONAL PROTECTIVE COATINGS

BOWLING GREEN STATE UNIVERSITY
DEPARTMENT OF BIOLOG ICAL SCIENCES

ONTARIO HYDRO

UNIVERSITY OF WISCONSIN SEA GRANT
ADVISORY SERVICES

PROCTOR dk GAMBLE
ANALYTICAL MANAGER

UNIVERSITY OF WINDSOR
BIOLOGICAL SCIENCE

ONTARIO FEDERATION ANGLERS 4 HUNTERS

METROPOLITAN WORKS DEPT.

FOCAL TECHNOLOGIES. INC

UNIVERSITY OF GUELPH
DEPARTMENT OF ZOOLOGY

NATIONAL BIOLOGICAL SURVEY

ILLINOIS NATURAI. HISTORY

PO BOX 128
CQHASSET MN 55721-0128

ONE PIERCE PLACE. SUITE 500 E
ITASCA IL 60143

1240 E. 9TH STREET
CLEVELAND QH 44199

208 WASHBURN HALL. 2305 E. 5TH
DULUTH MN 55812

6666 W. QUINCY AVENUE
DENVER CO 80235

3205 CEDAR STREET, PO BOX 899
MUSCATINE IA 52761-0899

400 SOUTH 13TH STREET
LOUISVILLE KY 47130

BOWLING GREEN QH 43403

700 UNIVERSITY AVENUE A7-AS
TORONTO ONTARIO M5G 1X6

600 E. GREENFIELD AVE.
MILWAUKEE Wi 53204-2944

RM 316 BIOLOGY
2601 UNION STREET BLDG
WINDSOR ONTARIO N9B 3P4

BOX 280
PETER BOROUGH ONTARIO K9J 6Y5

55 JOHN ST., 18TH FL.. METRO HALL
TORONTO ONTARIO M5V 3C6

40 THORNHILL DR, UNIT 7
DARTMOUTH NOVA SCOTIA B3B IS1

9311 GROH RD.
GROSSE ILE MI 48138

G VELPH ONTARIO N1H 7B2



iMAKAREWICZ
JOSEPH

MAKI
JIM

MALIK
NASIR

MALLEN
ERIC

MALONE
JIM

MANICCIA-BOZZO GRACE DEARBORN INC,
VERA

WILLIAMS COLLEGE

ATTHEWS
JOHN

MATYS
GLENN

iMAX SON
RICHARD C

MAYER
GREGORY

Mc ALLIS'KR
DON

BETZ INDUSTRIAL

WEPCO

McCLANK
M.BRENT

McCLELLAN
ERIC

RMC

708

MARANGKLO
PAUL

MARCUS
ROY

MARSDKN
J ELLEN

iMARTIN
RON

MAT HWIG
JOHN

MATTHEWS
R. CRAIG

MATTHEWS
MILTON

SUNY COLLEGE AT BROCKPORT
DEPARTMENT OF BIOLOGICAL SCIENCES

MARQUETTE UNIVERSITY
DEPARTMENT OF BIOLOGY

ELF ATOC HEM

INDIANA MICHIGAN POWER COMPANY
COOK NUCLEAR PLANT

J, M, MALONE Ec SON

COMMONWEALTH EDISON

ILLINOIS NATURAL HISTORY SURVEY
LAKE MICHIGAN BIOLOGICAL STATION

WISCONSIN DNR
WATER RESOURCES

COLLEGE OF LAKE COUNTY

CALGON CANADA INC.
PRODUCT SPECIALIST

UNIV OF TEXAS AT ARLINGTON
DEPT, OF BIOLOGY

WALLACE k TIERNAN CANADA INC.

WHEELABRATOR ENGINEERED S YSTEM

UNIVERSITY OF WISCONSIN-PARKSIDE

ECOLOGICAL SPECIALISTS INC,

113 LENNON HALL
B ROC KPORT NY 14420-2928

WEHR I IFE SCIENCES B LDG.
MILWAUKEE WI 53»3

300 MADISON AVE
TOLEDO OH 43652

ONE COOK PLACE
BRIDGEMAN MI 49016

PO BOX 158
LONOKI AR 72086

BOX 3060 STATION A
MISSISSAUGA ONT LSA 3T5

1859 SHIRLEY LANE C5
ANN ARBOR MI 48105

1411 OPUS PLACE. SUITE 360
DOWNERS GROVE IL 60515

400 17TH STREET PO BOX 634
ZION IL 60069-0634

101 S. WEBSTER ST.. '2ND FLOOR
MADISON WI 53703

19351 W. WASHINGTON STREET
GRAYSLAKE IL 60030

27 FINLEY ROAD
BRAMPTON ONTARIO L6T 182

CNTR. FOR BIOL, MACRO. RH.
BOX 19498
ARLINGTON TX 76019

925 WARDEN AVENUE
SCARBOROUGH ONT M1L 4C5

3026 SOLANDT ROAD
KANATA ONTARIO K2K 2A5

PO BOX 64118
ST PAUL MN 551644118

DEPARTMENT OF BIO. SCIENCES
KENOSHA WI 53141-2000

231 W. MICHIGAN. RM, A532
PO BOX 2046
MILWAUKEE WI 53201-2046

95 ALSANA COURT
ST PETERS MO 63376

1921 RIVER RD., PO BOX 10
DRUMORE PA 17518



McCLINTOCK
KEITH

BRAND UNDERWATER DIVISION 7120 HARBERT RD
SAWYER MI 49125

McDONALD
ELLEN

OHIO STATE UNIVERSITY

EMARK MARINE SERVICES CORP
GENERAL MANAGER

PROMINENT FLUID CONTROLS

ONTARIO HYDRO

BEAK CONSULTANTS INC, 12072 MAIN ROAD
AKRON NY 14001

15 IS CLEVELAND AVENUE N.
SUITE 302
ST PAUL MN 55108
PO BOX 19498
ARLINGTON TX 76019-9498

McNULTY
TED

100 MAIN ST., STE 200, PO BOX 8ÃD
LITTLE ROCK AR 72201

UNIVERSITY DE METZMERSCH
JACQUES

CREUM BP 4116
57040 METZ CEDE X
FRANCE

METCALF NSP FRENCH ISLAND PLANT 200 S. BAINBRIDGE STREET
LACROSSE Wl 54603

MEVER
ANNE

MEYERS
LEE

INDUSTRYtUNIVERSITY CTR. FOR BIOSURFACES 110 PARKER HALL
PRIN. RESEARCH SCIENTIST, SUNY BUFFALO NY 14214-3007

WISCONSIN DNR 1125 N. MILITARY AVENUE
PO BOX 10448
GREEN BAY Wl 54307-0448

WEPCO 333 W. E VERETT. PO BOX 2046
MII.WAU KEE WI 53201-2046

CENTRAL MICHIGAN UNIVERSITY B IOLOG Y DEPARTtVIENT
MT, PLEASANT MI 48859

1800 UNIVERSITY AVE
MADISON WI 53705-4094

3909 HALLS FERRY ROAD
VICKSBURG MS 39180-6199

CINCINNATI OH 45221-0006

1035 SOUTH 7TH ST
M AN ITOWOC WI 54220
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McGOURTY
MICHAEL I

cGRAW
BILL

McKENNA
GERRY

McLAREN
JIM

McLEAN
MIKE

McMAHON
ROBERT

MICHAUD
DAVE

MIHAL
ANDREW

MILLER
ALLEN H.

iVIILLER
ANDREW C.

MILLER
MICHAEL

MILLIS
JIM

UNIVERSITY OF MINNESOTA
MINNESOTA SEA GRANT COMMUNICATIONS

UNIVERSITY OF TEXAS-ARLINGTON
CENTER BIOLOGICAL MACROFOULING
RESEARCH

UNIVERSITY OF WISCSONSIN SEA GRANT
ADVISORY SERVICES

US ARMY CORP OF ENGINEERS
WATERWAYS EXPERIMENT STAJCEWES-ER-A

UNIVERSITY OF CINCINNATI
DEFI'. OF B IOLOGICAI SCIENCES

BIO-TECHNICAL RESOURCES

2070 NEIL AVE. RM, 470
COLUMBUS OH 43210

S3566 BENZING ROAD
ORCHARD PARK N Y 141'27

136 INDUSTRY DRIVE
PITTSBURGH PA 15275-1014

700 UNIVERSITY AVENUE, A6 Fl
TORONTO ONTARIO M5G 1X6



MILNE
WILLIAM A,

ALEX h4ILNE ASSOCIATES LTD. 376 ORENDA ROAD E
BRAMPTON ONTARIO L6T IG I

900 WOOD ROAD
KENOS HA WI 53141-2000

RR 43
WALLACEB URG ONTARIO NSA 4K9

LONDON ONTARIO N6A 5B7

UNIVERSITY OF WISCONSIN-PARKS IDE
DEPARTMENT OF B IOLOG Y

WALPOLE ISLE FIRST NATION

3000 ADVANCE LANE PO BOX 211
COLMAR PA 18915-0211

1717 SUPERIOR AVE
OCONTO WI 54153

5200 S ELLIS AVE,
CHICAGO IL 60615

1059 N 68TH STREET
WAUWATOSA WI 53213

OCONTO HIGH SCHOOL

MIDWESTERN UNIVERSITY
MR LABORATORY

500 LAFAYETTE ROAD PO BOX 21
ST PAUL MN 55 I 55-CP 1

MINNESOTA DNR

BE12 LABORATORIES 9340 CEDAR FOREST RD
EDEN PRAIRIE MN 55347

NORTHERN STATES POWER COMPANY 4 t4 NICOLLET MALL
NNEAPOLIS MN 55401

TAPROGGE GESELLSCHAFT INC. SCHLIEMANNSTR. 2-14
58300 WETTER
GERMANY

2205 COMMONWEALTH AVENUE
ANN ARBOR MI 48105

NALEPA
THOMAS F.

ViEIM EYER
TERRY

NOAA/GLERL

KCI TECHNOLOGIES 10 NORTH PARK DRIVE
HUNT VALLEY MD 21030- ISSS

iVEVES
RICHARD J.

106B CHEATHAM HALL
BLACKSBURG VA24061-0321

NGO TU
DANG

O'HALLORAN
TERRY

O' NEILL, JR.
CHARLES R,

0LLECH
JOHN

68o sHER6RooK w, 18 FL
MONTREAL QUE H3C 4T8

PO BOX 708
ST CROIX FALLS WI 54024

NATIONAL PARK SERVICE

25o HARTwELL HALL
BROCKPORT NY 14420-2928

SUNY COLLEGE/BROCKPORT
ZM CLEARINGHOUSE COORDINATOR

8UCKMAN LABORATORIES INC, 1256 N. MCLEAN BLVD,
MEh4PHIS TN 38108
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MINTON
RUSSELL

MISKOKOMON
DAN

MITCHELL
JEREMY

iiIAN
RICHARD

MOCCO
TARA

MOLDEN
CRAIG

MONTGOMERY
ART

MONTZ
GARY R.

MOWBRAY
MIKE

MUELLER
BRIAN S.

MUELLER
KENNETH

MULLER
MANFRED

THE U NIVERS ITY OF WESTERN ONTARIO
DEPARTMENT OF ZOOLOG Y

CAPITAL CONTROLS COMPANY INC.

ENVIRONMENTAL SCIENCE 4 ENGINEERING INC. 11665 LILBURN PARK ROAD
ST LOUIS MO 63146-3535

VIRGINIA POLYTECHNIC INSTITUTE
DEPT. OF FISHERIES 4 WILDLIFE SCIENCES

HYDRO-QUEBEC



NORTHERN STATES POWER CO. 414 N1COLLET MALL
MINNEAPOLIS MN 55401

ORR
DAN

INFRAWAVE LNTER NATION AL 43 SOUTH ST.. MAYFAIR
LONDON Wl Y-5PD
ENGLAND

OSTLIE
LARS

641A W, 100 N.
VALPARIASO IN 46383

PO BOX 678. T-33
CLINTON IL 61727

ILLINOIS POWER COMPANY

405 N, FRENCH ROAD
AMHERST NY 14228

I MID RIVERS MALL DR., SUITE 256
ST. PETERS MO 63376

1166 BAY STREET, APT. 1304
TORONTO ONTARIO M5S 2X8

3909 HALLS FERRY ROAD
VICKSBURG MS 39180-6199

1717 SUPERIOR AVE.
OCONTO WI 54153

2406 S. ALVERNO ROAD
MANITOWOC WI 54220-9319

US ARMY CORP OF ENGINEERS
WATERWAYS EXPERIMENT STATION

OCONTO SCHOOL DISTRICT

PEARSON
HANS

1200 FOREST PRODUCTS BLDG
WEST LAFAYETTE IN 47907-13M

NOTRE DAME IN 4655e

4636 SOMERTON RD
TREVOSE PA 19053

2e3e GLENN DRIvE, sUITE 304
STERLING VA 20164

NPC. INC.
DIRECTOR OF TOXICOLOGY

CARUS CHEMICAL COMPANY 1081 BOYCE MEMORIAL
OTTAWA IL 61350

PO BOX 4000
TIVERTON ONTARIO NOG 2TO

BOWL1NG GREEN OH 43403

ONTARIO HYDRO/BRUCE GS "B"

BOWLING GREEN STATE UNIVERSTTY
BIOLOG Y DEPARTMENT

MICHIGAN SEA GRANT
DISTRICT EXTENSION AGENT

PORTS MOUTH USA, INC.

333 CLINTON STREET
GRAND HAVEN MI 49417-1492

PO BOX 360
NORTH LIBERTY IA 52317

PLAYFORD
GARY

711

OVERMYER
GARY

PALL 0
STEVE

PARE
SANDRA

PARKINSON
DUANE

PATHY
DIANE A.

PAULIUS
TOM

PAYNE
BARRY S.

PE ARSON
BRIAN

PED ERSON
TODD

PERRY
BILL

PETRILLE
JOSEPH

PICCIRILLO
VINCENT J.

PICKENS
DEBRA

PICKLES
STANLEY

PILLSBURY
ROBERT

PISTIS
CHARLES

US FISH 4 WILDLIFE SERVICE
LOWER GREAT LAKES FISHERY RESOURCES

DREW INDUSTRIAL DIVISION

I.OCKWOOD, ALEX, FITZGIBBONS 4 CUMMINGS 3 1ST NATIOhlAL PLAZA. SUITE 1700
CHICAGO IL 60602

SILVER LAKE COLLEGE
DEPARTMENT OF BIOLOGY

PURDUE U, FORESTRY 4 NATURAL RESOURCES
ILLINOIS/INDIANA SEA GRANT

UNIVERSITY OF NOTRE DAME
DEPARTMENT OF BIOLOG ICAL SCIENCES

BETZ WATER MANAGEMENT GROUP



RACE
TIM

US ARMY CERL

DETROIT Ml 48201RAtH
JEFFREY L.

RAMSEY
DEAN

RAU
DAN

RENDALL
WILLIAM

RENS
DON

ONTARIO HYDRO

POLIZOTTO
KIM

POMEROY
JIM

PONTIUS
RUTH A,

POSTLEWAITE
MATT

PRESTON
ROBERT L.

PUTZ
FRANK

QUICK
MIKE

RICCIARDI
ANTHONY

RICHER
YVES

RIGDEN
BERNARD

RIGSBY
ANGELA

RIOPEL
ALAIN

RITSIC
RATKO

ROBINSON
I.EE

POTASH CORP. OF SASKATCHEWAN

RONNINGEN-PETIER
A DOVER RESOURCES COMPANY

OHIO STATE UNIVERSITY
DEPARTMENT OF ZOOLOG Y

SANITARY ENGINEER

ILLINOIS STATE UNIVERSITY
DEPARTMENT OF BIOLOGICAL SCIENCES

UNION ELECTRIC COMPANY
BIOLOGIST EN VIRONMENTAL SERVICES

ENVIREX INC.

WAYNE STATE UNIVERSITY
DEPARTMENT OF PHYSIOLOGY

R k D ENGINEERING

LAKE SUPERIOR RESEARCH

MINNESOTA DNR
EXOTIC SPECIES COORDIN ATOR

NORTHERN STATES POWER COMPANY

hfcG ILL UNIVERSITY
DEPARTMENT OF BIOLOGY

SUBDEV CANADA INC.

OHIO STATE UNIVERSITY

MINISTERE de L'EN VIR,

CARTOGRAPHY FOR SCIENCE

CORPS OF ENGINEERS, NASHVILLE

1339 BLUEBIRD DRIVE
GREENFIELD IN 46140

9151 SHAVER ROAD. PO BOX 188
PORTAGE MI 49081-0188

I 735 NEIL AVENUE
COLUIVIB US OH 43210

1012 WATER STREET
MEADVILLE PA 16335

NORMAL IL 61761-4120

PO BOX 149, MC 602
ST. LOUIS MO 63166-0149

1901 S. PRAIRIE AVE.
WAUKESHA WI 53186

PO BOX 9005
CHAJvPAIGN IL 61826-9005

268 MAIN STREET, 677I FLOOR
BUFFALO NY 14202

1800 GRAND AVENUE
SUPERIOR WI 54880

500 LAFAYETTE RD.
ST PAUL MN 55155-4020

4l4 NICOLLET MALL RS7
MINNEAPOLIS MN 55401

MONTREAL QUEBEC H3A I BI

1841 B LAVOISIER
STE, JOLIE QUEBEC J3E 1Y6

138 INVERLYN CRES. S
KINCARDINE ONTARIO ¹2 I K9

1735 NEIL AVE.
COLUMBUS OH 43210-1293

930 CHEMIN STE. FOY 2E ETAGE
QUEBEC QUEBEC G IS ~

3558 NORTH MURRAY AVE.
MILWAUKEE W153211

PO BOX 1070
NASHVILLE TN 37202-1070
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ROCKHILL
REBECCA

15 SHERWOOD DRIVE
BROCKPORT NY 14420

1910 WEST SUMTER
FLORENCE SC 29502

ROGERS
B ARDEN

SUBCON INC.

ROLLINS
MARTHA A.

ASHLAND OIL INC.

RYAN
EAMONN

SABLE
DANIEL

SALE
JEFF

SANDBERG
GARY

SANDERS
LARRY

SAWCHUK
DAVE

SAWY KO
PAUL M.

SCHEIDE
JOHN L

SCHMIDT
BRIAN

SCHNEIDER
DANIEL

607 E. PEABODY DRIVE
CHAMPAIGN IL 618>0
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ROPER
WILLIAM E,

ROPER
JEAN NIE

ROSENBERG
GARY

ROSENMAN
RICHARD

ROSS
TAMARA

ROZIC
JOHN

RUSZNAK
LINDA

STATE UNIV. OF NEW YORK AT BROCKPORT

TENNESSEE VALLE Y AUTHORITY

US ARMY CORP OF ENGINEERS

VIRGINIA TECH/US ARMY CORP OF ENGINEERS

THE ACADEMY OF NATURAL SCIENCES
MALACOLOG Y DEPARTMENT

US DEPARTMENT OF STATE

IOWA STATE UNIVERSJTY
DEPT. OF ZOOLOGY AND GENETICS

NORTH COAST LABS,!NC.

DOFASCO INC.
UTILITIES DEPARTMENT

UNIVERSITY OF WISCONSIN-WHITEWATER
BIOLOGY DEPARTMENT

ATOCHEM

ELF ATOCHEM NORTH AMERICA INC.

USAE WATERWAYS STATION

POLYSAR RUBBER CORP.

ROCHESTER GAS k, ELECTRIC CORP.

CENTRAL MICHIGAN UNIVERSITY
DEPARTMENT OF BIOLOGY

UNION ELECTRIC COMPANY

ILLINOIS NATURAL HISTORY SURVEY

1101 MARKET STREET MR 3A
CHATTANOOGA TN 37402-2801

20 MASSACHUSETTS AVENUE NW
WASHINGTON DC 20314

2006 DERRING HALI.
BLACKSBURG VA 24061

1900 BENJAMIN FRANKLIN PKWY
PHILADELPHIA PA 19103-1195

2201 C ST. NW, ROOM 5806
WASHINGTON DC 20520

SCI 11
AMES IA 50011

711 ADAMS STREET
TOLEDO OH 43624

PO BOX 391
ASHLAND KY 41114

PO BOX 2460
ONTARIO LB N 3J5

WHITEWATER WI 53190

8225 COYLE LANE
CROSS PLAINS WI 53528

2000 MARKET STREET
PHILADELPHIA PA 19103-1195

3909 HALLS FERRY RD
VICKSBURG VS 39180-6199

1265 VIDAL ST. S,
SARNIA ONTARIO N7T 7M2

89 EAST AVENUE
ROCHESTER NY 14649-0001

MT PLEASANT MI 48859

1530 SlNGLETON AVENUE
MAILCODE 613
ST LOUIS MO 63103



UNIVERSITY OF IOWA

BETZ INDUSTRIAL

9151 SHAVER RD
PORTAGE MI 49081

SEXTON
DAN

SFERRAZZA
CARMEN

SHERWOOD
BILL

7440 N. ALGER
ALMA MI 48801

MUNCIE IN 47907

PETRA MAG

MURRAY KY 42071

MACOMB IL 61455

714

SCHNELLE
ROBFRT C

SCHUKLLER
MIKE

SCKWARTZ
JOHN

SKARLK
GREG

SEG ADA
REGE

SELEGKAN
JAMES

SERLI
NADIA

SHIELDS
DAVID F

SHII4tUNKK
JIM

SHULER
SCOTI'

SICK EL
JIM

SINGER
ANITA

SINGER
SAM

SKUBINNA
JOHN P

8LOSN ERICK
STEVE

C[NCINNATI GAS k ELECTRIC COMPANY

MICHIGAN STATE UN IVER S FTY
SEA GRANT EXTENSION PROGRAM LEADER

WISCONSIN DNR WW-2

WAYNE STATE UN IVERS ITY
DEPT. OF CIVIL k EN VIR. ENGINEERING

HYDRO-QUEBEC

CRANE ENGINEERING SALES

AQUATIC SCIENCES INC

AQUATIC SCIENCES INC,

WISCONSIN PUBLIC SERVICE CORP.

BALL STATE UNIVERSITY
BIOLOGY DEPARTMENT

MURRAY STATE UNIVERSITY
BIOLOGY DEPARTMENT

ONTARIO HYDRO TECHNOLOG IES

WESTERN ILLINOIS UNIVERSITY
DEPARTMENT OF BIOLOGICAL SCIENCES

WESTERN ILLINOIS UNIVERSITY
DEPARTMENT OF BIOLOGICAL SCIENCES

MIC39GAN STATE UNIVERSITY
DEPARTMENT FISHERIES k WILDLIFE

TOLEDO EDISON COMPANY

PO BOX 960, ROOM 522-A
CINCINNATI OH 45201-0960

102 OAKDALE CAMPUS, H101 OH
IOWA C[TY IA 52242-5002

334 NATURAL RESOURCES BLDG.
EAST LANSING Ml 488>>»»

PO BOX 7921
MADISON WI 53707

4636 SOMERTON ROAD
TREVOSE PA 19053

DETROIT MI 48082

500 SHERBROOKE OUEST
[0[EME ETAGE
MONTREAL QUEBEC H3A 3C5

45 HANNOVER DRIVE
PO BOX 2205 STN B
ST CATHARINES ONTARIO L M 6P6

45 HANNOVER DRIVE
PO BOX 2205 STN B
ST CATHARINES ONTARIO L2M ePe

N490 HWY 42
KEWAUNEE WI 54216-9510

800 KIPLING AVENUE
TORONTO ONTARIO MSZ 5S4

MACOMB [L 61455

EAST LANSING M[48824

5501 NORTH STATE ROUTE 2
OAK HARBOR OH 43449



SMITH
SCOTT

SMITH
CRAIG

DETROIT EDISON CO,

STEIN
HENRY

735

SMITHEE
RICK

SMYTHE
A. GARRY

SNYDER
FRED L.

SPENCER
FRED S.

SPIDLE
ADRIAN

ST MARTIN
BILL

STACEY
ERIC

STAFFORD
LINDA

STEWART
STEPHEN R,

STEWART
SONNY

STICE
JAMES

STOECKEL
JAMES

STOECKMAN
ANN

STOMA
KEITH

STOUT
GLENN

SUMMERS
BRENT

SURRELL
JEFFREY

VERONA AREA HIGH SCHOOL

WATERWAYS EXPERIMENT STATION

ACRES INTERNATIONAL CORP

OHIO STATE UNIVERSITY EXTENSION
OHIO SEA GRANT EXTENSION

ONTARIO HYDRO RESEARCH DIVISION

CORNELL UNIVERSITY

Ww OPERATION SERVICES

PURE-GRADE INC,
DIRECTOR OF MARKETING

US ARMY CORP OF ENGINEERS
P fITS BURG DISTRICT/CEORP-PD-R

ELECTRIC LIGHT & POWER

MICHIGAN SEA GRANT
DISTRICT EXTENSION AGENT

TENNESSEE VALLEY AUTHORITY

DAYTON POWER k LIGHT COMPANY

ILLINOIS NATURAL HISTORY

OHIO STATE UNIVERSITY

GULF STATES UTILITIES COMPANY
RIVER BEND NUCLEAR PLANT

UNIVERSITY OF ILLINOIS
ILL.tIND. SEA GRANT COLLEGE PROGRAM

UNIVERSITY OF I.OUIS VILLE
BIOLOGY DEPARTMENT

NATIONAL ZEBRA MUSSEL ALLIANCE

700 N. MAIN ST
VERONA WI 53593

3909 HALLS FERRY RD
V[CKSBURG MS 39180

6100 W, WARREN AVE
DETROIT MI 48210

140 JOHN JAMES AUDUBON PKWY.
AMHERST NY 14228-1180

CAMP PERRY, BLDG 3, ROOM 12
PORT CLINTON OH 43452

800 KIPLING AVENUE
TORONTO ONTARIO M8Z 5S4

FERN OW HALL
TTHACA NY 14853

PO BOX 241
ME NOMINEE MI 49858

215 W., PALM AVENUE, SUITE 202
BURBANK CA 91502

1000 LIBERTY AVENUE
RM, 1828, FEDERAL BLDG,
PTTTSBURGH PA 152»-4186

909 BERNARD DRIVE
BUFFALO GROVE IL 60089

21885 DUNHAM ROAD
CLINTON TOWNSHIP MI 48036

PO BOX 1010
MUSCLE SHOALS AL 35660

PO BOX 468
ABERDEEN OH 45101-0468

PO BOX 590
HAVANA IL 62644

1735 NEIL AVE
COI-UMBUS OH 43~10-1~93

PO BOX 220
ST. FRANCISVILLE LA 70175-0220

205 N. MATHEWS AVENUE RM 2535
VRBAN A IL 61801

LOUIS VILLE KY 40292

2361 JEFFERSON DAVIS HWY.
ARLINGTON VA 22202



SWORD
LINDS AY

TATEM
HENRY

TAYLOR
ROBIN

TESSIER
CATHERINE

OHIO SEA GRANT

S ARGENT 4 LUNDY 55 EAST MONROE
CHICAGO IL 60603

EPRI
PROJECT MANAGER

716

THERIOT
EDWIN A.

THIEL
JOHN C.

THIEL
PAM

THIRY
ROBERT

THORP
JAMES H.

THORPE
DAN

TIP PIT
RICHARD

TIZZANO
DONNA

TOR RES
VINCE

TREANOR
PAUL

TSOU
JOHN L.

TUCHMAN
NANCY

TUTTLE, JR.
L. RAY

URBANO%VSKI
GREG

VANDERPLOEG
HENRY

VATCHA
NEVILLE

WALPOLE ISLE FIRST NATION

USA CORPS OF ENGINEERS

MCDONOLD COLLEGE. MCGILL UNIVERSITY
WILDLIFE RESOURCES

US ARMY CORP OF ENGINEERS
WATERWAYS EXPERIMENT STATION

DAIRYLAND POWER COOPERATIVE

US FISH & WILDLIFE SERVICE
WINONA FISHERY RESOURCES OFFICE

TRITON MARINE ENTERPRISES

UNIVERSITY OF I OUISVILLE

WATER RESOURCES LABORATORY
DAIRYLAND POWER COOPERATIVE

US ARMY CORP OF ENGINEERS
EP-E NASHVILLE DISTRICT/COERN-OR-R

CLEVELAND ELECTRIC ILLUM.

JOHN DEERE DUBUQUE WORKS

LOYOLA UNIVERSITY
DEPARTMENT OF BIOLOG Y

NY STATE ELECTRIC Bc GAS CORP.

CARUS CHEMICAL COMPANY
TECHNICAL SERVICE REPRESENTATIVE

GREAT LAKES ENV. RESEARCH

DMX INDUSTRIAL INC.

RR 83
WALLACE BURG ONTARIO N8A 4K9

3909 HALLs FERRY RD
VICKSBURG MS 39180-6199

1314 KINNEAR RD
COLUMBUS OH 43212-1194

21111 LAKESHORE ROAD
ST. ANNE DE BELLEVUE QUEBEC
H9X 3V9

3909 HALLS FERRY ROAD
VICKS BURG MS 39180-6199

3200 EAsT AYENUE s, Po Box 817
LA CROSSE WI 546024817

51 E 4TH sTREET ROQM 101
WINON A MN 55987

1203 5TH STREET
ALGOMA WI 54201

LOUISVILLE KY 40292

3200 E. AvENUE s.
LA CROSSE WI 54602

Po Box 1070
NASHVILLE TN 37202-1070

10 CENTER RD. E240
PERRY OH 44081

PO BOX 538
DUBUQUE IA 52004-0583

3412 HG LVIEW AVENUE PO BOX 10412
PALO ALTO CA 94303-0412

6525 N SHERIDAN ROAD
CHICAGO IL 60626

4500 vEsTAL PKwY E.. PO BOX 3607
BINGFiARITGN NY 13902-3607

1001 BOYCE MEMORIAL DRIVE
OTTAWA IL 61350

2'205 COMMONWEAl.TH
ANN ARBOR MI 48105

6540 MARTIN LUTHER KING
ST. LOUIS MO 63133



ILLINOIS POWER COMPANYVEECH
B YRON

709 N. MORRISON
COLLINSVILLE IL 62234

WASHINGTON MILLS PO BOX 1002
NIAGARA FALLS ONTARIO L2E 6V9

VERES
DARRELL

COMMONWEALTH EDISON CO 101 SHILOH BLVD
ZION IL 60039

55 EAST MONROE
CHICAGO IL 60603

10901 NEW HAMPSHIRE AVE
SILVER SPRING MD 20903

420 EAST OHIO, SUITE 29G
CHICAGO IL 60611

CHEMICAL CONTROL SYSTEMS

PO BOX 818
LA CROSSE WI 54602-0818

PO BOX 1410 BLDG C-743-T-14
PADUCAH KY 42001-1410

HATTIES BURG MS 39406-5018

250 W. SEEBOTH STREET
MILWAUKEE WI 53204-1446

PO BOX 1213
SOUTHGATE MI 48195

ER-A, 3909 HALLS FERRY RD
VICKSBURG MS 39180

700 E MAPLE RD STE 201
BIRMINGHAM MI 48009

BOB

WATERWAYS EXPERIMENT STATIONWAY
CARL

WEED
ROBERT

WELKE
KURT

WERNER
ROBERT

WHILEY
BOB

1 1 1 WEST DUNN ST
PRAIRIE DU CHIEN WI 53821

WISCONSIN DNR

BETZ LAB WATER MANAGEMENT 1205 CANTERBURY DRIVE
STEVENS POINT WI 54481-65 0

GEC - MARCONI ELETTRA AVENUE
WATERLOO V ILLE, HANTS POR77X5
ENGLAND

WHITBY
G. ELLIOTT

WHITEKETl'LE
KURT

WHITMORE
SHARON

134 NORFINCH DRIVE
DOWNSVIEW ONTARIO M3N 1X7

1 QUALITY WAY
TREVOSE PA 19053

FISCHER k PORTER  CANADA! LTD

BETZ WATER MANAGEMENT GROUP

WIAiVCKO
PAUL

7I 7

VORPAHL
DWIGHT

WAHLERT
STEVE

WALCH
MARIANNE

WALKER
MICHAEL

WALLER
DIANE L.

WALTER
MARK

WANG
SHIAO

WARDIUS
KEN

WARNER

SARGENT k LUNDY ENGINEERS
SENIOR STRUCTURAL PROJECT ENGINEER

NAVAL SURFACE WARFARE CENTER

US FISH AND WILDLIFE SERVICE
NATIONAL FISHERIES RESEARCH CENTER

MARTIN MARIETTA UTILITY SYSTEMS

UNIVERSITY OF SOU~N MISSISSIPPI
DEPARTMENT OF BIOLOGICAL SCIENCES

MILWAUKEE METRO SEWERAGE DISTRICT
CENTRAL LABORATORY

TRI-STATE COMMER DIVING

420 S GARFIELD AVE, SUITE 400
4~ &37501

ONTARIO HYDRO/ENV kI44ENTAL,: '. 70 I UNIVERSITY AVENUE A -A4
PROTECTION TORONTO ONTARIO M5G 1X6



WILCOX
SHAWN

WILLIA1VIS
ROBERT

VIRGINIA POWER

ELF ATOCHEM

PO BOX 38
SOLOMONS MA 20688

4380 MAIN STREET
AMHERST NY 14226

6201 CONGDON BLVD.
DULUTH MN 55804

YV
NENG

ZHANG
XIAOSONG

ZIMMKRMANN
ARTHUR

WILLIAMSON
DWIGHT

WILLIS
RICK

WINDLE
PHYLLIS

WITTIG
DAVE

WOJTO WICK
GARY

woaD
CLIFF

WOOlVIER
NEIL

WRIGHT
BEN

WRIGHT
DAVID

YAFFE
STANLEY S,

YAG ER
TIM

YESS
SCOTT

YOUNG
BRENDA

YOVNT
J, DAVID

LOUISIANA STATE UNIVERSITY

PROJECT DIRECTOR
SOUTHERN ILLINOIS UNIVERSITY

MAN ITOB A DEPARTMENT OF EN V IRON MENT

OFFICE OF TECHNOLOGY ASSESSMENT
SENIOR ASSOCIATE

GREEN BAY WATER UTILITY

NORTHWESTERN UNIVERS ITY

TIMBER MILL RESEARCH

TENNESSEE VALLEY AUTHORITY

UNIVERSITY OF MARYLAND SYSTEM

INDIANAPOLIS POWER & LIGHT COMPANY

US ARMY CORPS OF ENGINEERS

US FISH &WILDLIFE SERVICE

DAE MEN COLLEGE
DEPT, OF NATURAL SCIENCE

US ENVIRONMENTAL PROTECTION AGENCY
ENVIRONMENTAL RESEARCH LABORATORY

OHIO STATE UNIVERSITY

OHIO STATE UNIVERSITY

MAT StA GRIIII IJ<r<.
PRL USRIRY BUILDING,'
maRRa@WSEII BAY Cc,

R l AC>.

202 LIFE SCIENCE BLDG
BATON ROUGE LA 70803

RIVERS CURRICULUM PROJECT

EDWARDSVILLE IL 62025

BLDG 2 139 TUXEDO AVENUE
WINNIPEG MANITOBA R3N 0H6

104 WILDEN DRIVE
ASHLAND VA 23005-5908

US CONGRESS
WASHINGTON DC 20510

PO BOX 1'210
GREEN BAY WI 54305

2020 RIDGE AVENUE, RM. 200
EVANSTON U. 60208

10607 SEALORD CT.
INDIAN APOL IS IN 46230-9007

1101 MARKET STREET. HB 2C-C
CHATTANOOG A TN 37402

8777 PURDUE ROAD
INDIANAPOLIS IN 46268

PO BOX 1595
INDIANAPOLIS IN 46206

190 5TH ST. E
ST PAUL MN 55101

51 E. 4TH STREET, ROOM 100
WINONA MN 55987

1735 NEIL AVE.
COLUMBUS OH 43210-1293

103 B&Z, 1735 NEIL AVE
COLUMBUS OH 43210

801 E. STH STREET
RED WING MN 55066


