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September 24, 2018
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Secretaries Director

Wisconsin Department of Natural Resources
2984 Shawano Avenue
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Re: Electric/Water Velocity AlS Deterrent System Proposal to Open the Menasha Lock
Dear Mrs. Romback-Bartels:

The Fox River Navigational System Authority (FRNSA) is presenting the attached
proposal for the construction of an electronic/water velocity barrier at the Menasha
Lock. The proposed barrier will prevent the round goby and other possible aquatic
invasive species (AIS) from migrating upstream into Lake Winnebago.

In the last three years, FRNSA has spent a significant amount of volunteer and staff
time as well as financial resources to identify, explore, and evaluate a number of
possible alternative proposals that would allow the Menasha Lock to be reopened.

The attached proposal is submitted for Wisconsin DNR approval. We request that the
DNR evaluate and respond to the proposal within the next 30 days.

Respectfully,

The Board of Directors of the Fox River Navigational System Authority

S. Timothy Rose
Board Chairman

Jeremy Cords
Chief Executive Officer
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Proposal: Menasha Lock Electric/Water Velocity AIS Deterrent System
Introduction

In September 2015, the round goby was found in Little Lake Butte des Morts (LLBDM).
At that time, there were five unrestored locks and three miles of dewatered channel
downstream of LLBDM. The migration of the round qoby into LLBDM did not occur
through the Fox Lock system. (10, 13)

Over 150 years ago, private interests began building a canal and lock system
connecting the Fox River with the Mississippi River. The Fox River in northeastern
Wisconsin was historically a trade and navigation route. The Army Corps of Engineers
(ACOE) managed the lock system from 1872 until 1982. In 1982, the ACOE
recommended dismantling the lock system. Shortly afterwards, concerned citizens and
political leaders began a campaign to fund the lock system and keep it open.

In 2001, the lock system was transferred from the federal government to the State of
Wisconsin. In 2002, FRNSA was established by the Wisconsin Legislature to “restore,
maintain and operate the Fox River Lock System.” FRNSA has completed restoration of
all 17 locks. The locks and associated properties are listed on the National Register of
Historic Places.

The Menasha lock opened in 1856, rebuilt in 1970, and underwent a major rehab
construction in 2014. Lock dimensions are 144 feet long by 35 feet wide with a lift of 9.7
feet.

The round gobies were first found at the west end of Lake Erie in 1990. At that time,
concerns were raised that the goby would significantly affect the food chain for other
fish. Recently published articles (10, 11, and 12) indicate that the round goby has been
incorporated into the food chain of larger fish. High mortality rates suggest that the
round goby may be under predatory control in Lake Michigan (16).

The Menasha lock was closed at the request of Wisconsin DNR in September 2015.
This closure prevented the spread of round goby (neogobius melanostomus) into the
Lake Winnebago system. The closure of the Menasha lock had a significant impact on
FRNSA's statutory obligation to ‘restore, maintain and operate the Fox River lock
system” for the benefit of the public. The closure of the lock has also affected the
economic development and stability of properties and businesses along the river.



FRNSA's proposed solution:
e is based on sound, accepted scientific information and technology that will
protect the environmental integrity of the Lake Winnebago watershed
e will allow the reopening of the Menasha Lock to navigational boat traffic
e will provide an aquatic invasive species (AlS) deterrent system that is flexible and
will allow potential modifications in the future

The proposed project will include construction of an electric barrier system that will work
in conjunction with a water velocity barrier to prevent round goby and other AIS from
migrating into the Lake Winnebago system.

This proposal is a realistic plan based on the current scientific knowledge and
technology to restore access to Lake Winnebago and the Fox River through the
Menasha lock.

Safety

Smith-Root systems are designed to promote human safety. More than 65 Smith-Root
electric barriers are operational without a single incident of human injury. (17) For
further information, see attached.

Adverse Impact

Despite the efforts that will be made with the electric/water velocity barrier at the
Menasha lock, trailered boat access ramps present a significant threat for AIS
introductions into the Lake Winnebago watershed. There are more than 60 access
points for boats on the Lake Winnebago system. Based on the number of available
parking spaces in the launch sites alone, assuming a 30 percent capacity on weekdays
and a 60 percent capacity on weekends, more than 23,000 boats will be launched in the
Lake Winnebago system. Unless all boaters take precautions to prevent the spread
of AIS from lake to lake via trailered boats, this vector will remain a serious threat
to the Lake Winnebago system. (15) Construction, renovation, and installation of
docks and other marine equipment, lake monitoring, and habitat restoration may create
other vectors of AlIS contamination. Fishing tournaments where boats are trailered from
site to site, and float planes with pontoons, are also possible vectors for AlS
contamination.

Given the current vectors of possible AIS introduction, the proposed electric/water
velocity barrier, would provide greater protection to the Lake Winnebago system than
currently exists today. In summary, introduction of an AlS into the Lake Winnebago
water system could occur regardless of the proposed barrier and its use.

Project Construction

The proposed design and construction of the electric/water velocity barrier does not
require any modification of the existing Menasha lock. The barrier will require the
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construction of 40 feet long and 36 feet wide U-shaped channel with smooth sidewalls
downstream from the Menasha lock (4)(18)(14). Electrodes that receive intermittent DC
current will be imbedded in the walls and floor of the channel. A generator and battery
backup system will exist to provide uninterrupted backup energy in case of a power
outage.

The project will require soil grading and enlargement of impervious areas. This project
may require below-grade piping, launch piers, and concrete stairs and walkways for
access. Changes will need to be made in electric, gas, water and sewer utilities. (See
attached Smith-Root proposal) (14, 1, 2, 4)

Electric Deterrent Technology

The electric fish barrier consists of intermittent DC generated electric current that
passes between electrodes in the water to deter fish migration. (See Smith-Root
proposal (17)).

Hydrologic Control - Water Velocity Barrier

The refereed scientific literature indicates that the movement of juvenile and adult round
goby can be impacted by water velocity. (5) Juvenile round goby are subject to
nocturnal diel vertical migrations. (5) Prior to any lockage, upstream water will be used
to fill the lock; all six valves will be opened. In less than three minutes, 325,000 gallons
of water will be rapidly discharged down the U-shaped channel. Newly hatched round
goby fry can swim at roughly 4.4 cm/s (7). The existing hydrological structures (valves)
in the lock doors provide an initial velocity of 14.3 fp/s that will control the upstream
migration of both the fry and adult goby. (18)

Lock Operations

Smith-Root will develop a Standard Lock Operations Manual that will coordinate and
define the use of the electronic/water velocity barrier. The manual will define the
operational sequence that will ensure the proper water velocities are achieved to flush
fish through the U-shaped channel. (See Smith-Root proposal) This combination of an
electric deterrent barrier and hydrologic water velocity barrier will provide an acceptable
solution that will prevent upstream migration of the round goby. The electric barrier will
only be used during daylight lock operational hours from May to October.

Current & Future monitoring for AIS

AlS monitoring in the Fox River has been conducted by FRNSA since 2006 (21).
Monitoring will continue and increase as needed. The objective is to identify and monitor
any new AlS and, if necessary, modify the configuration and methodology used at the
Menasha electric barrier to control the migration of AIS. (21)



Contingency Plan

There are two significant disadvantages in the development of a contingency plan. They
are as follows:

1. Itis assumed that any new AIS found upstream from the Menasha lock will have
passed through the AIS barrier at Menasha lock. However, it has been
demonstrated that AlS are present in pools upstream of the Rapide Croche invasive
species barrier which has been in place since 1985. The presence of AIS upstream
from the Rapide Croche barrier indicated that AIS did not spread through the lock
system.

2. There are a limited number of response options for AlS control and eradication once
AlS are present and established in new areas. For this reason, FRNSA will take a
more proactive position in monitoring and preventing the upstream migration of AlS
through the AlS barrier at the Menasha lock. (15)

Requested Action

FRNSA requests DNR approval for construction of an electric/water velocity AlS barrier
immediately downstream of the Menasha lock to control round goby migration into the
Lake Winnebago system and to allow the Menasha lock to be reopened.
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Smith-Root performed a study of the feasibility of an electrical deterrent system with the purpose of preventing Round
Goby (Neogobius melanostomus) and other invasive fish from migrating upstream into Menasha Lock on the Fox River
and gaining access to Lake Winnebago. One location was identified between the lower lock gate and the excavated boat
access channel downstream of the lock. Smith-Root evaluated three barrier configurations: one exclusive Round Goby
barrier configuration that deters fish only along the floor of the barrier, and two configurations that produce a deterrent
electrical field throughout the water column. All configurations include the construction of a concrete sill with vertical walls
and steel bar electrodes on the floor of the sill; the full water column configurations require extension of the vertical walls
and steel electrodes to the water surface.

Based on previous experience and research regarding electrical deterrence of Round Goby and other fishes, Smith-Root
modeled the three configurations with selected deterrent voltage gradients and pulsed DC waveforms. The analysis of the
modelling results assumed standard peak voltage output from Smith-Root BP-1.5 POW pulse generators.

Drawing upon Smith-Root's experience with similar facilities, and further confirmed by 3-dimensional electrical field
modelling and analysis, Smith-Root believes a suitable system can be provided to deter Round Goby and other invasive
species of fish in the Fox River from entering Menasha Lock. Two configurations are proposed: one configuration
exclusively deters benthic species like Round Goby, and the second configuration deters passage of fish that utilize the
entire water column. A hybrid approach is also feasible, in which the infrastructure for the full water column deterrent
system is constructed but initially operated to exclusively deter Round Goby. In addition, the need for inducing water
velocity through the barrier in order to minimize the immobilization/stunning of fish in the electric field should be assessed

in more detail.

This report details the project scope, electrical field analysis, and deterrent system equipment recommendation. The report
also includes a description of Smith-Root technology, safety, and examples of previous electrical barrier installations. A
preliminary cost estimate of design, supply of Smith-Root equipment and monthly operational cost is provided, as well as
costs for Smith-Root personnel to provide commissioning and training of staff. Cost to construct is not estimated in this
report and an assessment of constructability is not provided.
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American Wire Gauge

L AWG

Cfs

Cubic feet per second

cm Centimeter
DNR Department of Natural Resources (Wisconsin)
FBTCS Fish Barrier Telemetry and Control System
FRNSA Fox River Navigational System Authority
ft Feet :
ft/sec Feet per second
HADS Hydrometeorological Automated Data System
Hz Hertz
kemil Thousand circular mils. 1 kemil = 0.5067 square millimeters
Km Kilometer
M Meter
ms Millisecond
ft/sec Feet per second
pS MicroSiemens
oD Outside Diameter
PFD Personal Flotation Device
POW Programmable Output Waveform
sec Second
UPS Uninterruptable Power Supply
USACE United States Army Corps of Engineers
usb United States Dollar
USGS United States Geological Survey
v Volts
kW Kilowatts
kWh Kilowatt Hours
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Menasha Lock is situated on the outlet of Lake Winnebago in Menasha, Wisconsin, and is the upstream-most lock on the
Fox River Navigational System. The first lock was built at the site in 1856. The current lock was constructed in 1970, and
underwent repairs in 2014. The lock, constructed of concrete and steel and 144 feet long by 35 feet wide, has a total lift of
9.7 fest. The lock and most of the area surrounding the lock is owned by the Fox River Navigational System Authority
(FRNSA); the dam on the southwest side of the lock is owned and operated by the U.S. Army Corps of Engineers
(USACE). A small excavated boat access channel on river right (looking downstream) exists about 140 feet downstream of
the lower lock gates; this basin is privately owned and is often used by personal watercraft owners fo put in and take out
their boats and for portage around the lock. Lake Winnebago is upstream of the lock, and downstream of the lock the
reach of the Fox River is known as Little Lake Butte Des Morts.

In September 2015, FRNSA closed the lock to comply with the Wisconsin invasive species rule (Wisconsin Administrative
Code chapter NR40). Among other things, the rule bans transport of invasive species in two categories: “prohibited” and
‘restricted.” The lock remains closed as of this writing.

One invasive fish present in Litfle Lake Butte Des Morts that is in the “restricted” category is Round Goby (Neogobius
melanostomus), a fish native to Europe and Asia that has expanded its range in the Great Lakes region of the United
States and Canada since at least the early 1990s.

The purpose of the feasibility study is to evaluate the power demands for a set of alternative deterrence systems that can
conceivably be constructed downstream of the Menasha Lock. The deterrence systems integrate Smith-Root electrical
pulse generator units and different configurations of steel electrodes. Each alternative is evaluated for feasibility using a
quantitative electrical field simulation and preliminary estimate of cost of equipment.

This feasibility study report includes the following components:

e Site description;

e Deterrent system description and key factors;

e Feasibility analysis;

o  Recommendation, including equipment requirements and maintenance programs; and
o Estimated costs of deterrent system equipment.

The data used in this study report were provided by FRNSA, USACE, United States Geological Survey (USGS) and
Wisconsin Department of Natural Resources (DNR). Smith-Root engineer Jason Kent visited Menasha Lock and other
locks on the Fox River Navigational System on April 27, 2017, with Dr. S. Timothy Rose and Mr. Robert J. Stark of
FRNSA.

Menasha Lock Physical and Hydrologic Characteristics

The Menasha Lock is built in an earth fill dam that separates the Menasha Channel of Lake Winnebago from Little Lake
Butte Des Morts (Fox River). The lock and the land immediately surrounding it is owned by FRNSA, and the dam is
operated by USACE. Immediately downstream of the lock, wingwalls connect the lock structure to the surrounding banks.
An excavated boat access channel is in place about 110 feet downstream of the lock structure on river right; a small,
vegetated peninsula separates the approach to the lock from the main Little Lake Butte Des Morts channel for 250-300
feet on river left, The lock and surrounding area is shown in Figure 1.

Menasha Lock Fish Deterrent System — DRAFT Feasibility Study Report V2 Page |4
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USACE provided a spreadshest containing hourly water level data at a gauge station on the Fox River at Fritse Park in
Menasha for the period 11 October 2011 through 30 June 2017. The gauge is a Hydrometeorological Automated Data
System (HADS) station owned by the National Weather Service; this particular station is served by USACE. The station
measures instantaneous gauge height readings that refer to the level of Little Lake Butte Des Morts in the IGLD 85 vertical
datum. This station is very near Menasha Lock, being on the opposite bank of the river from the lock. Within the measured
period, the lake varied in elevation by 4.09 feet. Assuming a conversion of -0.855 ft from IGLD 85 to IGLD 551, the highest
measured elevation of Little Lake Butte Des Morts during the given period at this location was 739.145 feet. Comparing
this elevation to the constructed lock floor elevation, the maximum depth during the given period was about 11.3 feet,

Little Lake Butte
DesMorts

Figure 1. Aerial photograph of Menasha Lock (Photo credit: Google Earth)

‘http:llwww.ire.usace.army.miIIPortaIslGQldocsiGreatLakesfnfo/docs/fGLD/BrochureOnThelnternaﬁonaIGreatLakesDatum1985.p
df, rough estimate to Lake Michigan benchmark
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Invasive Aquatic Species of the Fox River

In an email dated 5 June 2017, Wisconsin DNR submitted a prioritized list of fish subject to NR40 for Smith-Root's
consideration during the feasibility study (Table 1). With the exception of Round Goby, none of the fish in the list are
currently found in the Fox River upstream of Rapid Croche Lock and Dam, and the relative likelihoods of these species
being present in the river at some point in the future is unknown.

Table 1. Prioritized list of Aquatic Invasive Species (fish only) per Wisconsin DNR (5 June 2017)

Priority Fish NR40 Status

1 Round Goby Restricted

Sea Lamprey Restricted

White Perch Restricted

Ruffe Restricted

Grass Carp Prohibited

Red Shiner Prohibited

Rainbow Smelt | Restricted

Alewife Restricted

| | ~N| 3O O] B~ W N

Redear Sunfish | Restricted

Al the fish in the list above have the ability to migrate upstream in multiple vertical positions of the water column with the
exception of Round Goby. In addition, Sea Lamprey typically migrates along the substrate in locations with high velocity;
this type of condition would not be typically found at the Menasha Lock fish deterrent system.

Smith-Root prepared this feasibility study with the approach of prohibiting upstream migration of adult lifestages of the fish
in the list above. As will be addressed, there is one configuration that only addresses the benthic species Round Goby; this
configuration can be combined with others to provide lower power deterrence for gobies only, if required.

Smith-Root Electric Deterrence Technology

Fish are sensitive to electrical currents because their muscles are controlled by electrical impulses via their nervous
systems, and because they inhabit an electrically conductive environment. Electric barriers, deterrent systems and
quidance structures make use of this sensitivity. Fish will encounter an electric field and experience strong discomfort (the
voltage gradient is felt from head to tail) if they progress through the electrified zone. To reduce their discomfort, fish either
turn around and exit the field or turn sideways to reduce the voltage gradient. Through many years of experience and
research with electrofishing and barrier projects, Smith-Root has found configurations and settings that can produce the
desired responses while minimizing injury or trauma to the target species.

Fish Deterrent System

Depending on the needs of the project, Smith-Root's technology can be designed as a barrier/deterrent system or as a
guidance system. The electrical fish barrier is designed to be an impassable barricade, and the fish guidance system as a
less intense repelling zone. Both use electrical current passing through water. The circuit is made up of two or more metal
electrodes submerged in water with a voltage applied between them. Electric current passing between the electrodes, via
the water medium, creates an electric field. When fish are within the field, they become part of the electrical circuit with
some of the current flowing through their body. This can evoke reactions ranging from a slight twitch to full paralysis,
depending on the current strength, pulse frequency and pulse duration they encounter.

Menasha Lock Fish Deterrent System — DRAFT Feasibility Study Report V2 Page |6
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Electricity Requirements

The pulsed DC deterrent system may be powered by AC from a locally accessible grid power source or a generator. A
backup power supply, usually in the form of a generator, is recommended for critical applications, such as the blocking of
an invasive species. The period between power shutdown and the start-up of the backup generator presents an
unpowered gap in the power supply; an uninterruptable power supply (UPS) system is recommended in critical
applications to address this gap. Smith-Root considers the inclusion of a generator and UPS system as optional and a
policy decision to be made by the client.

Water Conductivity

Water conductivity is usually expressed as microSiemens per centimeter (uS/cm). The higher the water conductivity, the
more freely electric current flows in water. Increased conductivity means more electric current is required to maintain an
electric field through the water. Smith-Root designs solutions for water from very low conductivity (less than 20 uS/icm) up
to about 5,000 uS/cm. The technology is suitable for applications ranging from pure freshwater to mildly saline estuarine
sites.

Equipment and Monitoring

The barrier/deterrent system or guidance system is driven by electric power and complex electronic and communication
components. Computer software controls the overall function, monitoring and telemetry system. The equipment
components need to be placed in a location within an existing structure, a new building/enclosure or a trailer in order to
protect the equipment from inclement weather and air temperature extremes that could cause damage. Ideally, the Smith-
Root electronic equipment should be placed no farther than 100 feet from the electrodes to limit the voltage drop in the
power delivery cables; however, provision can be made for longer distances by increasing the diameter of the cables. A
more detailed breakdown of selected system components follows.

Electrical Pulse Generators:

Each Smith-Root Programmable Output Waveform (POW) pulse generator (also referred to as a pulser) generates output
up to either 1.5 or 5.0 kilowatts (kW); several pulsers can be combined for one application. In addition, larger pulsers with
higher power output may be built when demand warrants. Pulsed waveforms and frequencies can be programmed for
optimum fish blocking or repelling. Pulse width is adjustable between 0.1 and 10.0 milliseconds. The repetition rate is
adjustable between 0.5 to 100 hertz (Hz). The pulse generator produces a wide range of DC pulse outputs to give more
stopping power with less stress to fish. Each of the POW pulsers, 11 of which are shown assembled for the Rygenefossen
barrier in Norway in Figure 2, includes a microprocessor to control output pulse frequency and pulse width. A variety of
waveforms can be generated: standard pulses, sweeping pulse widths, sweeping frequencies, and gated bursts. This
allows generation of optimum waveforms that are effective for a wide range of species.

Fish Barrier Telemetry and Control System (FBTCS):

The Smith-Root Fish Barrier Telemetry and Control System (FBTCS) sets up, monitors, and controls the pulse generators
via a fiber optic network. Figure 3 depicts a typical layout for the pulse generating system. Pulsers are connected through a
communications and /O controller hub between the monitoring computer and individual pulsers. The advantage of this
arrangement is that, should any pulser in the system fail, the barrier will remain operational without disrupting
communications with the remaining pulsers. A separate trigger loop keeps the pulser outputs synchronous as required by
the system. The FBTCS also has connections to control external devices, such as flow meters, water quality meters, or
depth sensors. The system can be expanded to monitor and/or control up to 256 devices by adding a custom interface
board. The control system reports to remote monitoring locations via broadband or dial up modem or wireless connection.

Menasha Lock Fish Deterrent System — DRAFT Feasibility Study Report V2 Page |7
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The FBTCS can also receive remote commands to reconfigure the pulser outputs. When connected by modem to a
computer, the FBTCS presents menus allowing remote control and monitoring. Passwords are used to prevent

unauthorized access. The system software provides a status display, and a keystroke calls up the menus to give access to
all functions. An event history is maintained to record error conditions.
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Figure 2. Control room layout with Smith-Root pulse generators.

Trewlatod cloctieal buiding
<
i
]
3
3
“ulse outzut w0 chectrodas
concentator =
g = & - j semses
z H [
3 2 H
3
3 TR Irsuts “ar antasal
R sensors
. e water vefocry ——
= Malet lemeryture,
——} At el —
Unnienptathy
aaer suzphy
! v
U] oumise
Stancby P\
T——— | i } Remote control and monitoring terminals
el i ;
_ i AN Aj.’r LN o Email
Poser supaly @ : Y ":, /—’ < =

Figure 3. Typical system schematic.
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Boat Movements in the Electric Deterrent System

Safe bidirectional movement of boats is the purpose of the operation of the Menasha Lock. Accordingly, Fox River
Navigational System Authority seeks assurances that electrical fish deterrent technology safely allows boat traffic while
also effectively blocking upstream fish migration.

Smith-Root electrical barriers are fully compatible with safe bidirectional boat passage of closed-hull boats. As is common
sense for boat operators, Smith-Root recommends all boat passengers properly wear appropriate personal flotation
devices (PFD) when crossing an active electrical barrier. FRNSA may consider requiring PFD use as policy for boats using
the Menasha Lock.

However, Smith-Root recommends caution to users of small personal watercraft such as canoes, kayaks, stand up
paddleboards, jet skis and wave runners in an active electrical barrier. Best practice can be to require these small craft to
portage around the lock, or to utilize the lock only when the barrier is not functioning or in the case the deterrence field is
limited to the bottom of the channel, The appropriate policy for these personal, open-hull watercraft should be developed
concurrent with design of the electrical barrier.

Human safety is covered in more depth in the Recommendations section of this report.

Menasha Lock Fish Deterrent System — DRAFT Feasibility Study Report V2 Page |9
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Potential deterrence systems at the selected location were modeled using COMSOL Multiphysics, a general purpose finite
element analysis software, and analyzed for electrical field characteristics and power consumption. The results of the
analysis are described in this section. The equipment needed to produce the electric field, along with price estimates for
the equipment and predicted operating costs, are described in the Recommendations section.

Following the submittal of the initial draft report, FRNSA requested the evaluation be expanded to consider options inside
the lock chamber. This version of the draft report includes detailed description of one such scenario throughout the report,
and a general discussion of lock deterrence systems is included in the Discussion section.

Key Factors

Target Fish Species and Lifestage

Wisconsin DNR has identified several non-native species of fish currently present in Lake Michigan that are restricted by
regulation from entering Lake Winnebago; these fish species are described in greater detail in the Invasive Agquatic
Species of the Fox River section previously in this report (table 1, page 4). The objective of the barrier is to prevent the
passage of non-native fish from the Fox River into Lake Winnebago. As of this writing, Round Goby is the only fish in Table
1 that has been detected in the Fox River upstream of the barrier at Rapide Croche Lock & Dam. All alternatives described
and evaluated subsequently in this report are designed to prevent upstream migration of Round Goby at a minimum. One
alternative presented later in this report is designed to exclusively deter Round Goby, as will be discussed.

While the barrier design and specifications will provide deterrence for Round Goby, FRNSA requested the development of
alternatives that additionally deter upstream migration of fish on the Wisconsin DNR table that are not presently found in
the Fox River above Rapide Croche. Because the swimming strategies of these fish differ so markedly from that of the
benthic Round Goby, the layout of the electric barrier alternatives are much different in scale and cost than the “benthic
fish only” alternative.

The target fish species and lifestages evaluated in this feasibility study report are summarized as:

1. Configuration 1 - Downstream of lower lock gate; deters benthic species only.

2. Configurations 2 & 3 — Downstream of lower lock gate; deterrence electric field administered to full water column
(to level of Little Lake Butte Des Morts).

3. Configuration 4 — Upstream and downstream of lower lock gate; deterrence electric field administered to full
water column (to level of Little Lake Butte Des Morts).

Round Goby have markedly different life histories than the other fish species indicated by Wisconsin DNR. They are
benthic molluscivores, with adults almost exclusively preferring to remain on the substrate near their prey (Ghedotti et a.
1995, Savino and Kostich 2000, Kostel 2001, Hayden and Miner 2008). Adult gobies are not effective at feeding vertically
in the water column (Ghedotti et al. 1995). One study conducted in the laboratory showed that prey on the aquarium wall
only 20 cm above the substrate “appeared safe” from predation by gobies (Kostel 2001). However, juveniles have been
known 1o rise in the water column at night to chase prey (Hayden and Miner 2008). Previous studies and experiments
show that electrical barriers are effective in restricting volitional movements of adult Round Goby (Savino et al. 2001,
McLaughlin and Phillips 2005). They have very fast burst speeds; in a slack water experiment speeds up to 1.6 meters per
second were observed, although adults are capable of even faster burst speeds (Tierney et al. 2011). This means that a
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barrier should be designed with sufficient length and waveform to immobilize a Round Goby before its momentum can
carry it through the barrier.

Barrier Location

During the Smith-Root site visit on April 27, 2017, discussions with FRNSA staff and board members and an employee of
Wisconsin DNR led to decision to focus the location of the barrier on the approximately 100-foot zone downstream of the
lower lock gate. Land on both sides of the lock confines the approach channel in this area, creating a convenient area for a
barrier. Immediately downstream of the lower lock gate, the top of the lock walls are 749.30 feet IGLD 552 and lock floor
elevation is 727.87 feet. Short, steel wingwalls expand the approach from 35 feet at the lock gate to about 95 feet within a
24 foot length downstream of the lock (0.8:1 expansion). Land on the banks, and presumably the bottom of the approach
channel, are bare earth downstream of the ends of the wingwalls. A wide angle photograph of the proposed site is
presented in Figure 4.

Figure 4. Photograph of proposed barrier location.

Locating the barrier inside the lock chamber has a different set of constraints, including the old concrete of the structure,
the unknown (but likely shallow) depth of reinforcing steel, the need to overlay the lock chamber, the lower lock gates, and
other metallic appurtenances with a dielectric coating or paneling, and the resulting narrowing of the lock chamber width
after panel installation. One configuration that is partially located inside the lock chamber is described in this report.

In addition, an assumption was made that the small excavated boat access channel on river right downstream of the lock
is fo be avoided by any structures for fish deterrence.

Water Depth and Velocity

Depth of water in the proposed location of the barrier — immediately downstream of the lower lock gate - was discussed in
the Menasha Lock Physical and Hydrologic Characteristics section previously in this report. In the period October 2011 to
June 2017, the depth ranged approximately 7.2 to 11.3 feet.

2 All given elevations in this report reference IGLD 55 vertical datum unless otherwise indicated.
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Velocity data at the proposed barrier location has not been identified. The velocity at the proposed barrier location is likely
zero, unless significant leakage is present through the lock gates, around or under the lock. No evidence exists that this is
the case. During lock turn operations, the velocity in this area is temporarily high as the lock empties into Little Lake Butte
Des Morts.

There are no current facilities for creating a steady flow through the proposed barrier location except by controlling a flow
through the lock gates. If a steady discharge through the barrier is required for development of a barrier alternative, the
hydraulic head difference and short distance between Lake Winnebago and the proposed barrier location can be
leveraged by constructing a pipe or culvert with a shutoff valve adjacent to the lock.

Water Quality

Water conductivity, also referred to as specific conductance, is an important water quality parameter to consider in the
design of an electrical deterrent system. Seven time series sets of water conductivity in the Fox River were obtained from
USGS and Wisconsin DNR for analysis. A data set of 25 values collected by Wisconsin DNR near the Lake Winnebago
outlet in Neenah, Wisconsin between 30 March 2015 and 28 March 2017 was selected because of its proximity,
recentness, and relatively low standard deviation. The range of measured conductivity was 346 to 489 uS/cm, with a mean
of 406 pS/em.

Proposed Deterrent System Configuration

System Layout and Electroda Configurations

Smith-Root modeled four electrical deterrent system configurations at the proposed location. One configuration is designed
to deter upstream migration of benthic fish only. The other configurations are designed to deter Round Goby and the other
non-native fish species listed in Table 1. The first three configurations assumed an engineered channel immediately
downstream of the lower lock gate at the same width as the lock (35 feet) that will contain all flows through the lock, and
the electrical deterrent systems impart the deterrence field across the entire channel. The fourth configuration places the
upstream end of the electrical deterrent system just upstream of the lower lock gate, and extends the system downstream
to the end of (and slightly beyond) the existing wingwalls. All modeled configurations featured electrodes positioned
perpendicular to flow. This arrangement also minimizes the system footprint and the water volume to energize.

Configuration 1: Exclusive Benthic Fish Barrier downstream of lower lock gate

The approach for an exclusive benthic fish barrier draws from research that Smith-Root performed in Michigan in 2015.
The very strongly benthic locomotion pattern of the adult Round Goby means that it rarely rises more than a few
centimeters above the channel bed, and the length of locomotion higher in the water column is very short (Kostel 2001).
This allows an electric barrier to focus on the channel bottom only without the need for a deterrent voltage gradient above
the bottom of the water column. The resulting barrier configuration can therefore have smaller electrodes spaced closer
together along the channel bottom. The relatively long length of the barrier configuration is intended to deter Round Goby
that may swim for a few feet higher in the water column on the downstream end.

Compared to other barrier configurations, this approach requires a lower capital cost to construct and requires less power
to operate. The drawback is that the system is only effective at deterring truly benthic species — it will have little effect on
fish that swim higher in the water column.

A schematic of Configuration 1 is presented in Figure 5. The deterrence system dimensions are as follows:

e Concrete sill dimensions: 35 feet wide by 37 feet long.
o Sill depth and wall dimensions: 8-12 inches deep slab, wall height 2 feet.
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e Concrete sill and wall material: Electrically resistive concrete (Insulcrete™),

°  Electrode dimensions: 2 inch x 1 inch bars, 35 feet long positioned perpendicular to flow.
e Electrode spacing: 2 feet on center.

»  Number of electrodes: 17.

Flow from lock

Black = anodes

Blue = cathodes

Figure 5. Schematic of Exclusive Benthic Fish Barrier

Configuration 2: Static Field Fish Barrier downstream of lower lock gate

Configuration 2 presents a deterrence electrical field to fish that utilize the entire water column for locomotion. A static field
fish barrier incorporates a concrete sill that stretches across the approach channel with vertical walls that reach above the
highest water surface with about 1 foot of fresboard. Seven U-shaped steel electrodes are affixed flush to the concrete sill
and walls.

The electrodes present the electrical field within the barrier with deterrent voltage gradients up to the water surface. The
deterrent voltage gradient is formed by increasing the voltage potentials at each electrode (in an upstream direction). The
barrier pulse generator output will be set to provide 100 volts differential between each electrode in the barrier.

A schematic of Configuration 2 is presented in Figure 6. The deterrence system dimensions are as follows:

e Concrete sill dimensions: 35 fest wide by 37 feet long, 10-12 inches deep slab.

e  Concrete wall dimensions: 12.3 feet tall by 37 feet long, 12 inches wide.

»  Concrete sill and wall material: Electrically resistive concrete (Insulcrete™),

e Electrode number and dimensions: (7) 4 inch x 1 inch bars, positioned perpendicular to flow.
e Electrode spacing: 6 feet on center.
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Figure 6. Schematic of Static Field Fish Barrier

Configuration 3: Graduated Field Fish Barrier downstream of lower lock gate

Voltage differential between electrodes: 100V

10

Configuration 3 is identical in structure to Configuration 2; the difference is in the voltage applied between electrodes. The
same 100V differential is applied between each of the electrodes E1 and E4 - the downstream end of the barrier — and a
higher voltage differential of 200V is applied between each of the electrodes E4 and E7. The result is a lower voltage
deterrent field in the downstream half of the barrier that is intended to create a repulsion zone, and a higher voltage

deterrent field in the upstream half of the barrier that can immobilize fish, barring their upstream movements.

A schematic of Configuration 3 is presented in Figure 7. The deterrence system dimensions are as follows:

e Concrete sill dimensions: 35 feet wide by 37 feet long, 10-12 inches deep slab.

s Concrete wall dimensions: 12.3 feet tall by 37 feet long, 12 inches wide.

o Concrete sill and wall material: Electrically resistive concrete (Insulcrete™).

e Electrode number and dimensions: (7) 4 inch x 1 inch bars, positioned perpendicular to flow.
e Electrode spacing: 6 feet on center.

Menasha Lock Fish Deterrent System — DRAFT Feasibility Study Report V2
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Figure 7. Schematic of Graduated Field Fish Barrier

Configuration 4: Graduated Field Fish Barrier that spans the Jower lock gate

This configuration takes advantage of the lock gates as a physical barrier and integrates with the existing infrastructure.
Electrodes are placed inside the lock that present a stronger electrical gradient that can immobilize fish, preventing their
passage into the lock. This section of the barrier can be turned off when the lock gates are closed.

While this configuration is a GFFB, as is Configuration 3, there are major differences between the two:

The barrier extends upstream into the lock, just south of the lower lock gate.

The barrier expands with the wingwalls downstream to an %4-ft width at its end (no fill is needed).

The ends of the wingwalls are extended downstream for 17.5 feet with a concrete sill

The upstream-most two electrodes, E6 and E7, are disconnected from the main system by a relay that tums the
electric field off when not needed (i.e. when the lower lock gates are closed).

The electrodes inside the lock only need to reach to the Little Lake Butte Des Morts water level - not to the top of
the lock.

100V differential is applied between each of the electrodes E1 and E4, and 300V differential is applied between each of
the electrodes E4 and E7. The result is a lower voltage deterrent field that creates a repulsion zone downstream of the
lower lock gate, and a higher voltage gradient field near and around the lower lock gate.

A schematic of Configuration 4 is presented in Figure 8. The deterrence system dimensions are as follows:

Barrier dimensions inside lock: 35 feet wide by 35.7 feet long, 12.3 feet tall (max. lake water level),

Barrier wall material inside lock: 1.5" thick UHMW PE panels with embedded electrodes.

Lower lock gate: Will need to be dielectrically coated to prevent electric current capture.

Barrier dimensions downstream of lock: 35 feet wide expanding to 94 feet wide downstream, 40.3 feet long, 12.3
feet tall (max. lake water level).
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Barrier wall material downstream of lock: 1.5" thick UHMW PE panels with embedded electrodes on wingwalls,
short Insulcrete™ (electrically resistive concrete) wall section 17.5 feet downstream of wingwalls.

Barrier floor material downstream of lock: Insulcrete™ (electrically resistive concrete)..

Electrode number and dimensions: (7) 4 inch x 1 inch bars, positioned perpendicular to flow.

Electrode spacing: approximately 11.5 feet on center.

P~ 400 Voltage differential between
T ) electrodes E1-E4: 100V

-200

100
S0 in

500

o~

0 \Lock flow

In

<540

Figure 8. Schematic of Configuration 4. Note different perspective (flow to the upper left).

Electric Field Analysis

Preliminary electric field simulations have been conducted for the four electric barrier configurations at Menasha Lock.
Smith-Root utilized a finite element analysis program, COMSOL Multiphysics, to apply the physics of electrostatics to
conductive materials, thereby simulating electric field models in three dimensions.

Assumptions

Water Conductivity — 509 uS/cm. As reported in the Water Quality section of this report, the measured range of
specific conductance was 346 to 489 pS/cm, with a mean of 406 uS/cm. The data set included 25 values
collected between March 2015 and March 2017. Because of the relatively low number of samples in the selected
data set, Smith-Root added to the highest measured conductivity in the electrical simulation, introducing some
conservatism to the analysis. When the Little Lake Butte Des Morts water conductivity exceeds 509 pSfcm, the
power draw to the electrical pulse generating equipment will be higher. Conversely, the power draw is reduced
when water conductivity is lower. It is recommended that specific conductance is routinely monitored and
deviations from the assumed range of values are reported to Smith-Root.

Electrically resistive concrete (Insulcrete™) conductivity — 20 uS/cm (assumed value).

Water depth — maximum depth of 12 feet.
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Target Deterrence Voltage Gradient

Based on past experience and recent research conducted in cooperation with the USGS Great Lakes Science Center,
Smith-Root set the target voltage gradient for effective upstream deterrence of Round Goby at 2.54 Vlin or greater.
Higher pulse rates are also indicated for Round Goby, up to 20 Hz, to effectively deter migration. Higher voltage gradients
are also effective but consume more power.

Lower voltage gradients and frequency are preferred in slack water environments to prevent tetany and immobilization of
fish. During periods of zero or very low flow in the barrier, no downstream current exists to “flush” an immobilized fish away
from the electric field; the fish can be injured, killed, or drift through the field on its own momentum and recover on the
upstream side of the deterrence field. Barrier design, particularly length of the deterrence field, considers the momentum
issue and is designed to prevent immobilized fish from floating through the barrier,

However, it should be expected that fish that are immoabilized in a slack water zone will not have the ability to leave the
electric field volitionally. These fish may not survive. Round Goby individuals are negatively buoyant and will not float to the
surface when immobilized, but other fish will rise to the surface. The only way to move immobilized fish away from the
slack water zone is to induce a flow through the barrier. This point will be explored in further detail in the Discussion
section.

Results

Configuration 1: Exclusive Benthic Fish Barrier

Results of the simulation that produced a minimum voltage gradient of 1.0 Vicm are given in Figures 9 through 11.
Considering the 2-inch width of each electrode, the gap between electrodes is about 22 inches, and the Smith-Root BP-1.5
POW pulse generator is capable of voltage output of 56 V, 112 V and above. Thus the minimum voltage gradient of 2.54
Viin can be achieved with the lower voltage output setting. Figures 9 and 10 show a 2-dimensional field of voltage gradient
coded by color, 6 inches off the bottom in Figure 8 and 4 feet off the bottom in Figure 10. The difference in the figures
demonstrates the “decay” in electric field voltage gradient higher in the water column. Figure 11 further demonstrates this
with voltage gradient along four paths through the barrier downstream to upstream. The voltage gradient is highest at the
bottom, slightly more than 1.27 V/in) about 1 foot above the bottom, and close to zero at points 2 and 3 feet above the
bottom (also at 4 feet above the bottom as shown in Figure 10). The figure also shows the “decay” higher in the water
column; voltage gradient is very near zero at the water surface in this scenario.

Power output for this simulation is based on a duty cycle of 4% and a target voltage gradient of 2.54 V/in. A 4% duty cycle
means that power is being delivered to the barrier 4% of the time, or 40 ms per second. For this configuration at 4% duty
cycle, 840 W of output power would be needed.
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Figure 9. Plan view of Configuration 1 voltage gradient at 0.5 foot above the floor
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Figure 10. Plan view of Configuration 1 electrical gradient at 4 feet above the floor

Menasha Lock Fish Deterrent System — DRAFT Feasibility Study Report V2 Page |19



SMITH-ROOT
\\ lltwmfngy For Fisherizs Canservorian

Line Graph: Electnic field norm {4in}

14 — Distance=0 | 9
| I ——- Distancs=1
13 | [ — Distanca=2 | 7
" | [ — Distance=3
12 [ r
1 } |
11 l \ u |
| |
- | ‘
2 i !
E 3 J Z i | |
g | | It |
2 5 i ol ‘ fi
= ' AN N | N A Flow from lock
£ sl : | o Il | (O R Gemrere——
o Il | - 1 ‘.l {l [l il
.3 [ | ‘r Lol 'i | ‘
| | | oy | T & O |
it | | \ﬂ.H!u:-
1 l \ | h i | v L 1 ‘ | | | I
i L e N A A A (R
) VAL I'.f‘I,‘.;..t‘.\I"I‘""‘J"‘.:Ilf‘-l
1F f ‘
ok e - e e e e e
-10 S 0 5 19 15 20 25 30 35 10 45

y-coordinat2 {ft}

Figure 11. Cross section of Configuration 1 voltage gradient at multiple depths (in feet above floor)

Configuration 2: Static Field Fish Barrier

The Static Field Fish Barrier is a much different configuration than the exclusive goby barrier; seven electrodes convey the
electrical field to the water surface with a higher power output. Figure 12 shows a plan view of the voltage gradient for a
“slice” of the water column in the barrier at a plane 1 foot above the barrier floor. Figure 13 shows the same output at the
water surface when depth in the barrier is 10 feet, and Figure 14 shows output along a vertical plane in the center of the
barrier at 12 feet of depth. Figure 15 shows the voltage gradient along four paths through the barrier downstream to
upstream. A voltage gradient above 2.54 V/in is present at two locations in the barrier, and a minimum 1.78 V/in gradient is

present throughout the length of the 35-foot barrier.

Power output for this simulation is based on a duty cycle of 5% and target voltage gradient of 2.54 V/in. A 5% duty cycle
means that power is being delivered to the barrier 5% of the time, or 50 ms per second. For this configuration at 5% duty
cycle and adjusting output to achieve 2.54 V/in voltage gradient in the barrier, 5.3 kW of output power would be needed.
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Figure 12. Plan view of Configuration 2 voltage gradient 1 foot above the floor
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Figure 13. Plan view of Configuration 2 voltage gradient 10 feet above the floor
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Figure 14. Cross section slice of Configuration 2 voltage gradient in center of barrier at 12 feet of depth
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Figure 15. Cross section of Configuration 2 voltage gradient at multiple depths (in feet below water surface, depth
= 12 feet)
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Configuration 3. Graduated Field Fish Barrier

As previously discussed, the barrier layout in Configuration 3 is identical to Configuration 2; the difference is simply in the
voltage applied between electrodes 4-7. The output at a horizontal slice of the water column at 1 foot above the floor and
at the water surface (at 12 feet of depth) is shown in Figures 16 and 17. Figure 18 shows a vertical slice of output along
the center line of the barrier with 12 feet of depth. The resulting voltage gradients along the center line of the barrier are
shown at five distances below the water surface in Figure 19. The line graph clearly shows the “graduated” character of
this configuration; maximum voltage gradient increases at all depths as a fish moves upstream in the barrier. This allows a
fish in the water column to make a volitional decision about continuing upstream migration as the voltage gradient
increases. Near the upstream end of the barrier, voltage gradients exceed 2.54 V/in and immobilization would be achieved.

Power output for this simulation is based on a duty cycle of 5% and a target voltage gradient of 2.54 V/in. A 5% duty cycle
means that power is being delivered to the barrier 5% of the time, or 50 ms per second. For this configuration at 5% duty
cycle and adjusting output to achieve 2.54 Viin voltage gradient in the barrier, 14.0 kW of output power would be needed.
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Figure 16. Plan view of Configuration 3 voltage gradient 1 foot above the floor
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Figure 18. Cross section slice of Configuration 3 voltage gradient in center of barrier at 12 feet of depth
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Figure 19. Cross section of Configuration 3 voltage gradient at multiple depths (in feet below water surface, depth
=12 feet)

Configuration 4: Graduated Field Fish Barrier that spans the lower lock gate

While Configuration 4 is a GFFB as is Configuration 3, this one is much different as it is much wider at the downstream
end - necessitating more power to present an electric deterrence field to a larger volume of water — and it features
essentially a two-stage system in which the upstream section can be turned off when the lower lock gate is closed. The
output at a horizontal slice of the water column at 1 foot above the floor (with the Little Lake Butte Des Morts and Menasha
Lock water level at 12 feet of depth) is shown in Figure 20, and Figure 21 shows the same results when the upper stage
inside the lock is turned off and the lock gate is closed. The line graphs in Figures 22 and 23 show the graduated voltage
gradient through the barrier profile for a fish swimming at three depths. This configuration shows the lower voltage gradient
and the shorter length when only the downstream stage is on (Figure 23) compared to when both stages are operating
(Figure 22). The line graph clearly shows the “graduated” character of this configuration; maximum voltage gradient
increases at all depths as a fish moves upstream in the barrier, This allows a fish in the water column to make a volitional
decision about continuing upstream migration as the voltage gradient increases.

Power output for this simulation is based on a duty cycle of 5% and a target voltage gradient at the upstream end (inside
the lock only) of 2.54 V/in. A 5% duty cycle means that power is being delivered to the barrier 5% of the time, or 50 ms per
second.

o When the lower lock gate is closed and only the downstream stage is operating — which would be a vast majority
of the time — at 5% duty cycle the output power would be 1.4 kW.

» When the lower lock gate is open and both stages are operating at 5% duty cycle, and adjusting output to
achieve 2.54 V/in voltage gradient in the barrier, the output power would be 11.3 kW.
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Figure 20. Plan view of Configuration 4 voltage gradient 1 foot above the floor
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Figure 21. Plan view of Configuration 4 voltage gradient 1 foot above the floor with lower lock gate closed. Note:
color scale is changed to highlight contrast in barrier sections.
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Figure 22. Cross section of Configuration 4 voltage gradient at multiple depths (in feet below water surface, depth
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Figure 23. Cross section of Configuration 4 voltage gradient at multiple depths with lower lock gate closed (in feet

below water surface, depth = 12 feet)
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Discussion

The simulations show that the generation of a pulsed DC electrical field that can deter passage of Round Goby and other
fish species identified by Wisconsin DNR into Menasha Lock is physically attainable. The capital and operating costs of the
configurations considered in this report are discussed in the next section. The physical limitations of these barriers are
discussed below.

Round Goby is a benthic-oriented fish, and can reasonably be expected to swim near the bottom of a channel at nearly all
times (only the youngest fish tend to reach the water surface [Hayden and Miner 2008]). They have very fast burst speeds
(Tierney et al. 2011), requiring a longer electric barrier to attain true deterrence. Configuration 1 is expected to be effective
in deterring upstream migration of adult Round Goby, but because the deterrence voltage gradient does not extend very
far above the bottom of the channel, this barrier will most likely not provide deterrence to other, pelagic species of fish.

In Configurations 2, 3, and 4, electrodes span the channel and the vertical walls of the barrier, producing an electrical field
in the entire water column. The examples given for these configurations show stronger voltage gradients closer to the
electrodes, particularly the electrodes that are most upstream in the barrier. Fish in close proximity to these higher voltage
gradients may be immobilized. A key factor to the higher voltage gradient expected very near the electrode is the body
length of a fish. Fish with longer body lengths “sense” a given voltage gradient at greater distances than smaller fish. This
gives the fish an opportunity to avoid the system before tetany is induced — the result is a successful deterrence. A further
mitigating factor is slower movement. In a slack water environment, fish moving at slower speeds sense an electrical field
with enough time to change trajectory, resulting in deterrence.

Barrier operational strategy is a subject that is not fully discussed in this study. Depending on the operation of the lock, the
barrier may not need to be “on” at all times. If the barrier is turned off for significant periods, a “soft-start” waveform may be
applicable that incorporates rates of lower pulse frequency and lower voltage gradients to allow fish to turn around and
escape the barrier area. The upstream end of the barrier could retain the deterrence electric field characteristics to prevent
upstream passage. An extra set(s) of electrodes may be needed to provide this extra benefit, and can be further
investigated during barrier design.

The electrical field in Configuration 1 will be limited to the bottom of the water column. A very weak voltage gradient, if any
gradient at all, would be detectable at the water surface. This condition may allow a policy decision for personal watercraft
boats such as kayaks, canoes, wave runners, jet skis, and stand up paddleboards to utilize the lock while the barrier is
operating. However, in these cases PFDs should be mandatory and lockages of these types of boaters should be
monitored.

An issue that should be considered during planning of an electric barrier at Menasha Lock is the lack of a flow in the barrier
vicinity. An electric barrier in slack water can lead to fish kills when fish are immobilized and are not *flushed” out of the
barrier area by water flow to recover downstream. The public location of the lock and its draw as a tourist attraction may
make fish kills an undesirable side effect of the barrier operation.

A solution to reduce the magnitude of fish kills in the barrier is to induce a flushing velocity - the exact minimum velocity is
to be defined but can be considered around 0.5 ft/sec — through the barrier location. Smith-Root has identified three
potential sources of water velocity through the barrier.

1. Flow through the lock gates. From an infrastructure standpoint, this is the simplest approach as it entails
slightly opening the upper and lower lock gates to take advantage of the head difference across the lock. Itis
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unknown if the gates can operate in this way. This alternative would require significant coordination with USACE
as it would shift the location of a portion of Lake Winnebago's outflow to the Fox River.

2. Valvelpipe system adjacent to the lock. This alternative also takes advantage of the head difference across
the lock to pass water when needed. The system could be constructed adjacent to the lock to minimize system
length as shown in Figure 24. Like the first alternative, operation of this system would require significant
coordination with USACE as it would shift the location of a portion of Lake Winnebago'’s outflow to the Fox River.

3. Pump-induced flow on downstream side of lock. This alternative would be entirely located on the downstream
side of the lock, reducing the level of coordination needed with USACE as Lake Winnebago outflows would not
be altered. The alternative takes advantage of the existing layout downstream of the lock to pump water into the
upstream end of the barrier. While recirculation is expected because there is no head differential across the
pump, the current would circulate around to the opposite side of the vegetated island on the left side of the lock,
keeping fish and debris away from the barrier. The pump outlet would be constructed across the island and into
the barrier structure as shown in Figure 24, A float-mounted Venturi-style pump is a potential option; an example
is the Flow Velocity Enhancement System by Natural Solutions, LLC (http://www. fishpassage.com/services.htm).

This feasibility study does not further consider flows through the barrier, and cost to construct is not included in the report.
However, Smith-Root recommends the evaluation of velocity inducement systems as the planning and design of an
electrical barrier progresses.

Hayden and Miner (2008) studied vertical migration of Round Goby. The research indicates that while adult Round Goby
are entirely benthic, juvenile gobies (under 10 mm total length) tended to migrate vertically in the water column at night,
possibly following planktonic prey that also migrate vertically at night. The study did not indicate whether these juvenile fish
migrated horizontally after their vertical migration, which would have obvious implications on the efficacy of a bottom-only
electric barrier. The study did suggest, however, that the juvenile gobies migration pattern when they were higher in the
water column were transported by water current; that is, they drifted with the current. Thus, inducing velocity in the barrier
could provide mitigation for the juvenile Round Goby individuals that migrate vertically above the exclusive Round Goby
barrier at night. More study into juvenile Round Goby migration would be required if the bottom-only barrier is selected for

further analysis and design.
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Figure 24. Potential locations/alignments of velocity inducement systems (Source: Google Earth).

The target duty cycles presented for each configuration in the Results section represents assumptions on the waveform
required to deter fish. Nine species have been identified as restricted or prohibited from upstream migration into Lake
Winnebago (Table 1). As presented previously in this report, the only invasive fish species that is currently present in the
Fox River is Round Goby. Research on the effective waveforms and voltage gradients that deter Round Goby have been
performed (Savino et al. 2001, McLaughlin and Phillips 2005), and based on this research the indicated duty cycle for a
benthic fish-only barrier (Configuration 1) is 4%.

The same research has not been done for many of the other species in Table 1, however. The most comman groupings of
fish for such research are families Cyprinidae (carp) and Salmonidae (salmon and trout). Grass Carp is in family
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Cyprinidae and deterrence settings are well-known for this species. In general, the settings to deter both Cyprinidae and
Salmonidae are fairly similar, but they are not always similar for all fish. For example, Smith-Root has conducted studies
on electrical settings for deterrence of Sea Lamprey, and preliminary findings are that the required pulse frequency and
duty cycle is higher than those values needed to deter carp and salmonids. Information needed to determine deterrence
settings for the other species in Table 1 simply does not exist at this time. It is possible to make assumptions — for example
Round Geby and Eurasian Ruffe are both in Order Perciformes — but physiological differences and environmental
differences may mean their individual responses to electrical fields are very different.

The best way to determine the individual responses of each species to electric fields is to determine them experimentally,
such as a flume study. This may not be economically feasible or even desired by FRNSA or Wisconsin DNR until such
time as these fish find their way into the Fox River. In the case an invasion occurs, the electrical settings that deter the fish
can be experimentally determined and the electrical barrier equipment changed or augmented, if needed, to project the
effective deterrent electric field at Menasha Lock. With this knowledge forthcoming, the electrical barrier can be designed
to respond to the imminent threat(s) in the Fox River, which currently happens to be Round Goby.

Both the Results and Recommendations sections utilizes this assumption, but rounds up the duty cycle from 4% to 5% as
existing electric barriers that are designed to deter species in families Cyprinidae and Salmonidae typically have duty
cycles of 2-5%. The assumed target voltage is 2.54 V/in, the target experimentally determined for Round Goby as
discussed earlier in this report. (This target voltage is not substantially higher than the deterrent gradients determined for
most adult salmon and carp.) Smith-Rcot considers these to be reasonable assumptions for a feasibility study and
acknowledges that increased migration pressure from Sea Lamprey — and possibly other species in Table 1 for which
responses to electrical fields are currently unknown — may lead to a requirement to upsize the power output capacity of the
pulse generating equipment in order to achieve deterrence.

In addition to the configurations presented in this report, Smith-Root considered a layout that incorporates the electric
barrier fully inside the Menasha Lock chamber. This layout was deemed infeasible within the constraints desired by
FRNSA for the following reasons:

¢ An electric barrier inside the Menasha Lock chamber would need to be “on” at all times;

o The electrical field creates a step potential (shock hazard) for boats that are tied to the cleats;

¢ Panels made of dielectric material (such as PE or PVC) would be required to be installed on the walls and floor of
the lock, narrowing the lock chamber width; and

o The panels and electrodes would need to be installed to above the Lake Winnebago water line and would be
visible at all times.

A different style of electric barrier, referred to as a “sweeping barrier," could possibly be located in the Menasha Lock
chamber. The sweeping barrier would be off until the lower lock gate is opened. This style of electric barrier allows fish to
enter the lock but “sweeps” them out with a deterrence field that gradually migrates downstream within the lock and to the
outside the of lower lock gate. Advantages of this type of design is that the barrier could be turned off when the lower lock
gate is closed, and the electrodes only need to be installed to the maximum level of Litlle Lake Butte Des Morts. This type
of system is conceptual at this time, however, and no current sweeping field electric barriers are currently in operation.

Menasha Lock Fish Deterrent System — DRAFT Feasibility Study Report V2 Page |3



WWH-ROOT'
\\ Tetﬁmhqy For Fishartes Comservoricn

Based on the discussion in the previous section, Smith-Root believes that the deterrent systems described in
Configurations 1, 3, and 4 will provide the most effective deterrence to upstream migration of fish. Configuration 1 only
focuses on the bottom few feet of the water column for benthic adult Round Goby, while Configurations 3 and 4 presents a
deterrent electric field to the entire water column. The selection of the applicable configuration is a policy decision to be
made by FRNSA with input from state and federal agencies.

The configurations are alsc quite different in terms of capital cost and operational cost. Configuration 3 requires a larger
concrete structure than Configuration 1. Configuration 4 requires installation of dielectric coatings or panels on the existing
lock walls, lower lock gate, and outlet wingwalls. The power output demand for Configuration 1 is significantly lower than
that for configurations 3 and 4.

It is possible to construct an electric barrier infrastructure that can support the barrier in Configuration 3, but to build the
electrodes and operate the barrier initially to deter Round Goby as described in Configuration 1. This “compromise” may
effectively balance operational cost and human safety with the need to protect against upstream migration of fish that are
present in the Fox River now and in the future. A similar arrangement may be possible for Configuration 4 as well.

This section will present an estimate of equipment required to produce the minimum voltage gradient fields for
configurations 1, 3, and 4. Table 2 summarizes required and optional equipment.

Equipment
Pulse Generators

Smith-Root pulse generators produce the pulsed signal that is transmitted through cable to the mild steel electrodes. The
pulsers produce the electrical field that is conducted into the barrier structure at the selected deterrent voltage gradient of
2.54 Vlin,

For Configuration 1, the power needed to produce a deterrent voltage gradient at 4% duty cycle is 840 W when water
conductivity is 509 uS/em. Peak current is 8 amps in this scenario. To produce these electrical output settings, one (1)
Smith-Root BP-1.5 POW pulse generator is required.

For Configuration 3, the power needed to produce a deterrent voltage gradient at 5% duty cycle is 14.0 kW when water
conductivity is 509 pSicm. Peak current is 6.9 amps in this scenario. To produce these electrical output settings, ten (10)
Smith-Root BP-1.5 POW pulse generators are required.

For Configuration 4, the power needed to produce a deterrent voltage gradient at 5% duty cycle when water conductivity is
509 pS/cm is 1.4 kW when only the downstream segment is on, and 11.3 kW when the entire barrier is on during lockage
operations. Peak current is 3.2 and 7.4 amps in these scenarios, respectively. To produce the maximum electrical output,
eight (8) Smith-Root BP-1.5 POW pulse generators are required, though fewer pulse generators would be needed to
power the downstream-only electric field.

For all configurations, one (1) spare BP-1.5 POW pulse generator is recommended as an on-site backup. Larger custom
pulse generators can be manufactured that will produce the full range of output.
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Electrodes

Please note that electrodes are not typically Smith-Root supplied equipment. They are made from common mild steel
stock and typically are construction line items.

For Configuration 1, the recommended electrode layout is (17) parallel 2-inch by 1-inch steel bars spaced 2 feet apart on
center. The electrode material should be uncoated mild steel (A36 or other grades). The lengths of each electrode should
reach across the bottom of the channel — 35 feet. These electrodes are relatively uncomplicated for a steel mill to fabricate;
smaller sections can be welded together in the field for ease of transport and handling.

The electrode layout for Configuration 3 is seven (7) parallel 4-inch by 1-inch steel bars spaced 6 feet apart on center.
Electrodes should reach to the top of the barrier wall (12.3 feet on each side), so the total length of each electrode should
be nearly 50 feet. Electrode sections can be welded together in the field for ease of transpart and handling. The electrode
material should be uncoated mild steel (A36 or other grades).

The electrode layout for Configuration 4 is seven (7) parallel 4-inch by 1-inch steel bars spaced approximately 10.5 feet on
center. The electrodes should reach to the the top of the expected Little Lake Butte Des Morts water level (12.3 feet on
each side). The 17.5-foot long concrete structure on the downstream side of the wingwalls should be constructed to this
elevation. The elevation of the tops of the existing wingwalls should be evaluated fo determine if they reach this water
level. In the lock structure, the electrodes do not need to reach to the top of the existing walls, as fish will not be able to
traverse into the lock when water levels match Lake Winnebago. Thus, the tops of the electrodes in the lock structure only
need to extend 12.3 feet above the bottom of the lock. Each of the upstream four electrodes will be 35 feet across and
measure a total of about 50 feet each. The downstream three electrodes are of different lengths as they meet the diagonal
wingwalls at different locations. The electrode material should be uncoated mild steel (A36 or other grades).

Location of Deterrent System Equipment

The deterrent system control equipment should be housed inside a secure, climate-controlled, weatherproof structure that
is resistant to insect infestations. Heating and air conditioning units should be installed to maintain normal operating
temperatures inside the control building/enclosure. An existing structure on the northeast end of the lock may be able to be
retrofitted to house the barrier control equipment. Alternatively, a new control building can be constructed for this purpose;
in this case the building should be constructed as close to the barrier as possible, preferably within 100 feet of the end of
the array to minimize voltage drops from long delivery cables. For Configuration 1, the fewer number of pulse generator
units make it feasible to construct a smaller enclosure instead of a building for the contral equipment.

Controls

The proposed deterrent system configuration produces a synchronized, pulsed DC electric field. Pulse frequency, voltage,
waveform shape and duration can be modified to optimize operation and fish behavioral response. Monitoring and
adjustments can be made remotely through the control equipment via broadband internet. To facilitate multiple signal
communications and remote communications and monitoring, both configurations include one (1) FBTCS integrated into
the pulse generating equipment,

Menasha Lock Fish Deterrent System — DRAFT Feasibility Study Report V2 Page |33



WITH-ROOT'
\ retﬁpoiogv Far Fisheries (onservation
L

Boan DAvarn
Backup Power

In the event of a power outage, the electrical deterrent system will not operate unless a backup power system is included.
Smith-Root barriers that serve critical purposes include backup power equipment including a generator, fuel tank or fuel
supply, and automatic transfer switch. In addition, a UPS can be installed that provides battery power during the “gap
period” between the power outage and the start-up of the generator. Whether a backup power system is used is a decision
to be made by the owner/operator. A backup generator, fuel tank, automatic transfer switch, and UPS battery are included
in the buy-in equipment list in Table 2.

Safety

For more than 50 years, Smith-Root has produced controlled electric fields in water for the purpose of manipulating the
physiological behavior of fish. Smith-Root equipment is regularly used to sample endangered and threatened fish species,
therefore fish health and safety is paramount in the design of Smith-Root products which minimize the risk of harm while
maintaining effective physiological manipulation. Similar principles that apply to understanding electric thresholds and
responses in fish also apply to understanding thresholds and responses for accidental exposure of humans to these
electric fields. Therefore, all Smith-Root electric systems are designed with precautions for human safety as a primary
concern. Thousands of portable Smith-Root electrofishing units (backpack, boat, shore, etc.) have been used safely since
the 1960s by governmental agencies, private consulting firms and universities. Further, more than 65 Smith-Root electric
barriers are in operation across the globe without a single incidence of human harm.

There are inherent risks to human health and safety associated with all waterway environments, many of which are similar
to those that would exist in a waterway with an electric barrier. In order to maintain a safe waterway, it is critically important
that waterway users have an understanding of safe behavior, are educated and notified of potential risks and that proper
safety measures are in place to respond to an emergency. For example, individuals working around extremely cold water
are made aware of inherent risks and appropriate responses to an emergency situation. Many of these risks and
responses are similar to working around water that contains an electric field. In cold water, a man overboard scenario
requires a swift response to remove a person from the water as quickly as possible to prevent injury. Further, it is important
to prevent or minimize the exposure to the water of those performing the rescue. A similar response would be required
from a waterway with an electric field, but with the added safety of knowing that unlike a cold water situation, the electric
field is limited to a small defined area, and the electric field can be immediately shut down to allow for self-rescue and/for
individuals to safely enter the water to assist with rescue without risk of being in the electric field. Simply being around
potential dangers like cold water or an electric field in the water does not prevent boating operations in that environment;
however, it does require a greater sense of safety awareness to minimize risk, and requires a greater understanding of
safety protocols from those regularly operating in and around the environment of concern.

To increase safety of electric barriers, Smith-Root designs electric fields to balance the use of settings that minimize
potential harm while achieving the objectives of the project. The selection of multiple factors, including pulse frequency
(Hz), type of current (Smith-Root exclusively uses pulsed direct current — DC - for its electric deterrent systems instead of
straight DC or alternating current — AC), duration of exposure (time), and current (amps), can contribute to potential risk of
harm when exposed to an electric field. It is impossible to design an electric barrier that has a small electric field which
poses zero threat to human safety while at the same time generates an electric field which is large enough to deter fish
passage. Some risks will have to be accepted with respect to safety in order to accommodate the goal of preventing
upstream passage of fish.
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Waveform and Human Thresholds

Smith-Root fish barriers and guidance systems are designed to be non-lethal and to use only pulsed direct current (DC) to
create electric fields. Humans are three times more likely to be harmed by alternating current (AC) than by DC, and it has
been shown repeatedly in the scientific literature that use of AC can injure fish. Pulse frequency, duration and current can
all contribute to potential harm; therefore SRI sets these values well below the electrocution threshold of a typical ground
fault interrupter. Figure 25 illustrates the typical barrier pulse strength versus other known thresholds. The graph shows
that the typical electrocution threshold for humans begins at around 200 ms (0.2sec) pulse width (duration). Smith-Root
pulse generators typically utilize durations in the 2-3 ms range. From this analogy, the Smith-Root pulsers maximum pulse
width is approximately 66 to 100 times less than the electrocution threshold.

Smith-Root electric fish barriers and deterrence/guidance systems are designed to dissipate voltage over the length of the
field so that the voltage gradient over any small length of the field is much less than the total voltage applied. Humans who
accidentally enter the electric field are not exposed to the total voltage potential for which the barrier is designed. In any
case, Smith-Root recommends that people recreating or working near the fish barrier wear a personal flotation device to

ensure floatation should they fall into the water.
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Figure 25. Maximum pulse width of Smith-Root pulsers compared to electrocution threshold pulse width for a
typical adult human.
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Site Access and Security

The layout of Menasha Lock currently restricts public access to the proposed location of the electric barrier by land, but
allows free access by water. While allowing fishing is not a recreational objective of the lock, Smith-Root's experience at
other electric deterrence systems has demonstrated that a concentration of fish immediately downstream of the barrier can
attract anglers.

It is recommended that signage and education should be utilized to inform land and water users of the hazards associated
with the deterrent system. Signage can be affixed to posts on the land and also on bucys in Little Lake Butte Des Morts
immediately downstream of the barrier. Informational kiosks can be built near the lock and at the excavated boat access
channel adjacent to the lock. Community education, in the form of meetings or literature, can be created and distributed to
boaters that utilize the lock. A warning light can be illuminated when the barrier is operating to notify water users of the

hazard.

Various Smith-Root electric fish barriers have incorporated patrolling security andfor video surveillance. These strategies
may be employed for safety and security reasons.

Emergency Power-Off Switch

An emergency power-off switch could be installed near the electrical deterrent system (and possibly within the
secured/fenced area at the lock) to allow an operator to quickly disable the barrier. This switch would be wired directly to
the electric output of the barrier and immediately stop the flow of electricity to the electrodes. A recommended switch style
is a simple, large, red push button type of switch that is coverad by a hinged clear Plexiglas or plastic bubble to limit
accidental deployment.

Summary of Configurations
Table 2 summarizes the recommended equipment for the Menasha Lock electrical deterrent system configurations. Smith-
Root equipment and selected buy-in equipment are presented in the table.
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Table 2. Barrier system equipment recommendations.

Configuration 1: Exclusive Benthic Fish Barrier

Configuration 3: Graduated Field Fish Barrier

Configuration 4: Graduated Field Fish Barrier that
Spans the Lower Lock Gate

Smith-Root Equipment

(2) 1.5 KW POW Pulse Generalors (includes 1 spare)

(11) 1.5 kW POW Pulse Generators (includes 1
spare)

(9) 1.5 kW POW Pulse Generators (includes 1 spare)

(1) FBTCS communication system with OPTO-22
programmable output controller

(1) FBTCS communication system with OPTO-22
programmable output controller

(1) FBTCS communication system with QPTO-22
programmable output controller

Buy-in Equipment, Not Included in Cost Estimate

(17) uncoated mild steel (A36 or similar) electrodes,
2-inch by 1-inch, each with approximate total length of
35 feet

(7) uncoated mild steel (A36 or similar) electrodes, 4-
inch by 1-inch, each with approximate total length of
50 feet

(7) uncoated mild steel (A36 or similar) electrodes, 4-
inch by 1-inch, with approximate total lengths of 50
to 119 feet

Locomotive Cable 2000V

Locomotive Cable 2000V

Locomotive Cable 2000V

Small building/shed or weatherproof enclosure to
house equipment (if existing building is not retrofitted)

Small building/shed to house equipment (if existing
building is not retrofitted)

Small building/shed to house equipment (if existing
building is not refrofitted)

Climate control equipment

Climate control equipment

Climate control equipment

Safety signage

Safety signage

Safety signage

Various connectors and fasteners

Various connectors and fasteners

Various connectors and fasteners

Optional Equipment, Not Included in Cost Estimate

Backup generator

Fuel tank (alternatively, connection to fuel supply line)

Automatic Transfer Switch for generator

Uninterruptable Power Supply (UPS) battery

Depth sensor
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Estimated System Costs
The estimated partial cost includes the following:

e  Equipment and start up;
s  Operating cost; and
¢ Maintenance agreement.

Cost to construct is not included in this feasibility study report. This includes some items that are not supplied by
Smith-Root and should be estimated by the owner or contractor. Examples of such items are presented in Table 2.

The costs provided in this section are valid for 60 days from the date of the report.
Equipment Cost Estimate

The following reflects Smith-Root'’s pricing for 2017. Costs for labor and equipment, as well as for expenses such as travel,
are subject to change in the future no less than the prevailing cost of inflation. Costs are quoted in United States Dollars.

The Smith-Root equipment estimate for Configuration 1: Exclusive Benthic Fish Barrier includes the following:

1. (2) 1.5 kW POW pulse generators (InClUdes 1 SPAre)... ..o $51,970.00
2. (1) FBTCS/OPTO-22 Communications SYSEEM..........ooiiviiioiiie it e $ 28,506.00
3. Safety signage (estimate, to be developed)...........coocoiiiiiii i $2,000.00
4. Shipping of Smith-Root eqUIPMENt 10 SItE........ociiic e $ 860.00
5. Smith-Root staff travel and [aDor fOr: ... s $18,839.00
a. Operations and maintenance manual
b. Installation of Smith-Root hardware (2 staff, 1 day on site, 2 days travel)
¢.  On-site training of guidance system operations and maintenance (1 staff, 1/2 day on site, travel inclusive in
above item)
Estimate of Smith-Root supplied equipment and labor...................cccoociiiiiii ., 3 102,175.00
Estimate of Smith-Root engineering design, specifications, and construction cost estimate................. $92,000.00

The Smith-Root equipment estimate for Configuration 3. Graduated Field Fish Barrier includes the following:

1. (1) 1.5 kW POW pulse generators (InCludes 1 SPAre)..........coe i $ 285,835.00
2. (1) FBTCS/OPTO-22 Communications SYSEBM.......c.oiiiiiiiii et e $ 28,506.00
3. Safety signage (estimate, to be developed)..........c.coviiiiiiiii i, $2,000.00
4, Shipping of Smith-Root equipment 0 SItE.......cceiviiici s $1,290.00
5. Smith-Root staff travel and [aDor fOr: ...t $18,839.00
a.  Operations and maintenance manual
b. Installation of Smith-Root hardware (2 staff, 1 day on site, 2 days travel)
c. On-site training of guidance system operations and maintenance (1 staff, 1/2 day on site, travel inclusive in
above itemn)
Estimate of Smith-Root supplied equipmentand labor......................ooo i § 336,470.00
Estimate of Smith-Root engineering design, specifications, and construction cost estimate.................. $ 99,000.00
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The Smith-Root equipment estimate for Configuration 4: Graduated Field Fish Barrier that spans the lower lock gate
includes the following:

1. (9) 1.5 kW POW pulse generators (includes 1 SPare)............ccuervervimesiiineiinecnncsinseessssnesisesseeseenens $ 233,865.00
2. (1) FBTCS/OPTO-22 Communications SYStEM.........ccvvrririeeriinerie s i e e $ 28,506.00
3. Safety signage (estimate, to be developed)............cocviiiiiciiier e $2,000.00
4. Shipping of Smith-Root eqUIPMENE 0 SIEE.........cccviiieciiciieescee ettt e $1,290.00
5. Smith-Root staff travel and 1aDor fOr: ... s e $ 18,839.00
a. Operations and maintenance manual
b. Installation of Smith-Root hardware (2 staff, 1 day on site, 2 days travel)
c.  On-site training of guidance system operations and maintenance (1 staff, 1/2 day on site, travel inclusive in
above item)
Estimate of Smith-Root supplied equipment and labor.................ccccccooviii i $ 284,500.00
Estimate of Smith-Root engineering design, specifications, and construction cost estimate................. $ 110,000.00

Typical Monthly Operating Cost

Operating costs are determined by the amount of electricity used to power the deterrent system and the climate control
requirements for the control building.

A basic calculation can be made to determine monthly costs for deterrent system operation. The assumption made for
average electricity cost for operating the barrier is $ 0.1144 / kWh3. The assumption for energy demand is the maximum
output power plus 1.5 kW to account for control equipment and climate control.

For Configuration 1, the maximum level of power required to operate the deterrent system continually at peak voltage at
20% duty cycle and 509 pS/cm conductivity is approximately 2.4 kilowatts (including electricity to power the barrier and
climate control equipment). Therefore, the maximum monthly power cost for operation, assuming continuous 24-hour per
day operation during a 30-day month, is:

o $0.1144 / kWh x 2.4 kW x 720 hours/month = $197.68 maximum monthly cost.

For Configuration 3, the maximum level of power required to operate the deterrent system continually at peak voltage with
maximum depth of 12.3 feet, 30% duty cycle, and 509 pS/cm conductivity is approximately 15.5 kilowatts (including
electricity to power the barrier and climate control equipment). Therefore, the maximum monthly power cost for operation,
assuming continuous 24-hour per day operation during a 30-day month, is:

o $0.1144 ] kWh x 15.5 kW x 720 hours/month = $1276.70 maximum monthly cost.

For Configuration 4, the maximum level of power required to operate the deterrent system continually at peak voltage with
maximum depth of 12.3 feet, 5% duty cycle, and 509 pS/em conductivity is approximately 12.8 kW (including electricity to
power the barrier and climate control equipment). However, the peak power output would only occur a fraction of the time
in this scenario. An assumption is made that over the course of a typical month, the maximum output of 12.8 kW occurs

3 Menasha Utilities Rate File. Effective November 1, 2013. Accessed on 8/18/2017:
http://apps.psc.wi.cov/vs2010/tariffs/viewfile. aspx ?type=electric&id=3560. Energy cost based on “General Service” category;
Customer Charge and Power Cost Adjustment may also be applicable to monthly cost.
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5% of the time, and the rest of the time the output is 2.9 kW. With this assumption, the maximum monthly power cost for
operation, assuming continuous 24-hour per day operation during a 30-day month, is:

e $0.1144 [ kKWh x 2.9 kW x 720 hours/month = $238.87 for 95% of the month = $226.92
o $0.1144 / kWh x 8.8 kW x 720 hours/month = $1,054.31 for 5% of the month = $52.72
e Total is $279.64 maximum monthly cost.

These estimates reflect the maximum possible monthly cost using Menasha Utilities “General Service” rates; higher or
lower rate categories and extra fees may apply. Monthly cost will be lower if the barrier is not operated continuously. When
water depth and conductivity values are lower, the pulsers will operate at a lower power output, substantially reducing the

monthly cost of operation.
Assumptions and Exclusions
The following are Smith-Root's major assumptions and exclusions for the project:

o The feasibility study models and calculations were without a detailed hydraulic model. Actual deterrent system
performance may vary if the assumed physical and water quality conditions differ substantially from the assumed
conditions;

¢ Inducing a velocity through the electric barrier may be desirable or required for operation of a barrier. Detailed
feasibility of velocity-inducing strategies is not included in this report and estimated costs are not provided;

e Design and the power consumption estimate assumes freshwater with ambient conductivity of 509 pS/cm;

e The calculation of required power output is related to the target voltage gradient and duty cycle of the output,
which in turn is dependent upon the target fish and species for which deterrence is desired. At this time the target
species is Round Goby, and for all calculations (except for Configuration 1) the assumption is that the entire
water column is protected, meaning the deterrence electrical field is presented at the water surface and
throughout the water column. It is anticipated that this target voltage gradient and duty cycle will be sufficient to
deter other species on Wisconsin DNR's list of invasive fish in Fox River, particularly Grass Carp, but it is
unknown if it is sufficient for all other species. Deterrence of Sea Lamprey would likely require a different
waveform than assumed for Round Goby that would necessitate an increase in output duty cycle.

e The barrier equipment should be housed in a climate controlled building or enclosure. The building/enclosure
should be secure from public access and should be sufficient for protection of the equipment from excess heat
and cold, humidity, flood, and insect infestation. The decision of whether to construct a new building, a new
enclosure, or retrofit an existing building adjacent to the lock is not assumed in this document and costs have not
been estimated for this task.

e Backup power, including generator and outage gap protection, is not specified in this feasibility report or cost
estimate; and

e The costs of obtaining environmental and construction permits, and of communication and collaboration with
USACE and Wisconsin DNR, have not been estimated in this report. Similarly, required permits and submittals
have not been identified.

Maintenance
Electrodes

The mild steel electrodes are subject to environmental corrosion, a condition which can be exacerbated by the pulsed DC
electrical field. The effects on the electrodes are somewhat similar to electrolysis, where ions from one surface are

Menasha Lock Fish Deterrent System — DRAFT Feasibility Study Report V2 Page |40



SMITH-ROOT

\ Tﬁym!ogy For Fisharies (anstivanion

transferred to another. As such, the electrodes do not corrode at the same rate, and some electrodes may need
replacement sooner than others.

A rough estimate of electrode life was prepared for the electrodes in the two configurations described above. Some of the
new electrodes, if installed with the dimensions specified previously, operated with the indicated currents and duty cycles,
would take about 20 years to lose 60% of their mass, while others would take longer to reach this level of corrosion. It is
likely that some electrodes in an electrode array would take less time to reach the 60% loss of mass milestone at which
replacement is recommended, and other electrodes would take longer. Electrode life would decrease if the duty cycle is
increased over the 4% (Configuration 1) or 5% (Configurations 3,4) settings described in this report. Please note that the
electrode life estimate does not take into account environmental corrosion.

Maintenance Agreement Estimate

Smith-Roat manufactured deterrent system equipment is covered under a one (1) year Limited Product Warranty. During
the one (1) year warranty period, Smith-Root's technical team electronically and remotely monitors the deterrent system,
provided connectivity is available and the FBTCS is connected to the system. Smith-Root's mission is to resolve any noted
issues, and field any questions or concerns the client might have in a timely manner.

For coverage beyond the one (1) year warranty period, Smith-Root offers a service/maintenance contract. Provided for
reference is a list of sample services that are included.

e Array Tests
o Pulser Tests
o  Fish Barrier Telemetry and Control System Tests (if FBTCS is connected to system)
» Incoming Power Supply Tests _
e Auxiliary Generator Tests (if auxiliary generator and FBTCS are connected to system)
e Equipment Building Checks/Review
e Reports
o Deterrent System Inspection Report
o  Site Alarm History Printout and Analysis (if FBTCS is connected to system)

Within the Smith-Root service/maintenance contract, inspections are typically completed on an annual basis (but could be
done as frequently as quarterly) to test the deterrent system equipment and ensure a suitable electric field is being
generated to adequately deter the target fish species. If the FBTCS is connected to the system, the site is remotely
monitored and problems can be resolved by Smith-Root technicians with remote software changes; otherwise,
replacement equipment can be specified for installation by trained technicians. For problems that cannot be addressed
remotely, or are outside of the understanding of trained technicians, emergency site visits can be conducted by Smith-Roct
or its agents to resolve site issues in a timely manner.

Although no professional certification is required to maintain or adjust the settings or equipment at an electric barrier,
training of owner-designated technicians is absolutely essential to ensure the proper operation of the system and the
safety of site personnel.

Annual service for the site after the one year warranty period is over has been estimated at approximately $11,500.00. The
estimate may vary based on current billing rates, travel expenses, etc. Service and monitoring pricing would be included in
a separate contract.
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Smith-Root performed a study of the feasibility of electrical deterrence of Round Goby and other invasive fish species at
Menasha Lock. The study considered four configurations of deterrent systems at two locations: three configurations were
positioned downstream of the lower lock gates, and one configuration spans the lower lock gate so that the barrier is
downstream of the lock and in the lower segment of the lock. One of the four configurations was designed to exclusively
deter benthic fish like Round Goby, while the other configurations address fish that utilize the entire water column for
migration. All configurations use Smith-Root custom pulse generating equipment to deliver the electrical field to the barrier.
The benthic-only configuration creates a uniform deterrent electrical field immediately above the barrier, as does the
configuration that delivers a static field to the entire water column. A third and fourth configurations delivers a graduated
electrical field to the water column, with a lower voltage gradient on the downstream segments of the barrier and a higher
gradient on the upstream segments.

Smith-Root recommends either the exclusive benthic fish barrier or one of the two Graduated Field Fish Barrier
(Configurations 1, 3, and 4) for further consideration by Fox River Navigational System Authority. Configurations 1 and 3
require a 35-feet wide concrete sill with vertical walls to be constructed downstream of the lock; the height of the vertical
walls differs by configuration. The exclusive goby barrier would utilize 17 smaller electrodes deployed on the concrete sill
floor only, creating an electrical deterrent field on the bottom of the channel only. The voltage gradient would be very weak
at the water surface in this scenario. The Graduated Field Fish Barriers in Configurations 3 and 4 utilizes 7 larger
electrodes to impart a deterrence field to the entire water column. The electrodes and barrier walls would extend to the top
of the maximum water surface elevation in Configurations 3 and 4, which for all scenarios is that for Little Lake Butte Des
Morts (rather than the higher Lake Winnebago water surface). Electrical gradient would be higher at the bottom of the
barrier, but sufficient for deterrence of fish in at the water surface. Electrical gradient would also be stronger on the
upstream side of the barrier, allowing volitional movement of fish away from the downstream side of the barrier.

The major difference between Configurations 3 and 4 is the barrier layout. Configuration 3 is located downstream of the
lock and assumes the construction of a narrow, 35-foot channel where the existing wingwalls are located. Configuration 4
does not modify the structure layout significantly but requires dielectric coating or panels to be installed on the lock walls,
lower lock gate, and wingwalls. Electrical deterrence equipment would be housed in a new small building, enclosure, or
retrofitted existing building near the lower lock gates or the electric barrier. The equipment requirement is dependent on
the selected configuration; it also is possible to build the barrier infrastructure to accommodate the Graduated Field Fish
Barrier to deter all species of invasive fish but operate only to deter Round Goby initially, with minor future modifications to
meet deterrence needs for other species.

The US Army Corps of Engineers and Wisconsin Department of Natural Resources should have significant input in further
development of the electrical barrier option as a required response to resuming lock operations in the future. In addition,
the need for inducing water velocity through the barrier in order to minimize fish kills should be assessed in more detail.
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Centrale Hydroelectrique de Vessy Tailrace Barrier N

Geneva, Switzerland
Constructed in 2008

Smith-Root was engaged by Services Industriel de Geneva to design an electric barrier to prevent fish from the Arve River
entering the Centrale Hydroelectrique de Vessy power station tailrace and becoming entrained in the low head turbine
draft tubes.

The seven steel flat bar electrodes are sidewall and bottom mounted into an Insulcrete™ liner. Smith-Root's BP-1.5 POW
European Union-certified pulsators provide the electric field. Construction was contracted by the owner from the Smith-
Root drawings.

Following construction and commissioning of the barrier, a Swiss consulting firm was contracted by the hydropower station
owner to conduct an independent study of effectiveness of the barrier system using 339 tagged trout. The study found no
fish in the tailrace during the study period, and the tagged fish successfully guided fish to the main channel. Further, an
“insignificant’ number of untagged fish were encountered in the tailrace using electrofishing methods despite the
availability of habitat in the tailrace.

Services Provided

o Civil, electrical, and mechanical engineering; hydraulic engineering
o  Design of barrier electrodes and pulsers
o Software development and construction management

Site Characteristics

1.5 kVA POW 6 9.0 kW max. 1.2m 10.1m Upto1m/s | 240 uS/cm max|
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Okoboji Lake Outlet Barrier
Spirit Lake, lowa
Constructed in 2012

The primary objective of the Okoboji Lake Qutlet Barrier is to prevent upstream migration of non-native carp into the lowa
Great Lakes. A secondary objective is to prevent outmigration of muskie, a stocked sportfish. The electrical barrier doubles
as a physical barrier when water levels are low, and is very effective when water is high because maximum water depth
typically does not exceed one meter over the barrier apron.

Through coordination with the United States Army Corps of Engineers (USACE) and lowa Department of Natural
Resources (DNR), Smith-Root performed the hydraulic, civil, structural, and electrical design to minimize erosion, sediment
deposition, and friction losses, and most importantly to contain the 500-year flood event.

Smith-Root has implemented a safety management and educational plan in conjunction with lowa DNR. Okoboji Lake
Outlet Barrier provides visitors an insight into the requirements for such a device fo keep the lowa Great Lakes free of
Asian carp. The site has a small parking area with warning signs and educational kiosks with opportunity for people to
overlook the barrier.

Services Provided

o Electrical and electronic design of the pulsers and power supply systems
o  Civil design of barrier and control building

o Supply of barrier equipment

o  Construction oversight

¢ Regular maintenance

Site Characteristics

1.5 kVA POW 7 10.5 kW max. 1 mmax. 50m 0-1.1m/sec/ 350 uSicm

Menasha Lock Fish Deterrent System — DRAFT Feasibility Study Report V2 Page |45




QesmRoor
L

RYGENE HYDROPOWER

TAILRACE BARRIER
Nidelva River, Helle, Norway
Client: Agder Energi
Constructed in 2014

Species: Atlantic salmon and arctic char

Barrier type: Upstream

Electrodes: Vertical steel cable electrodes fixed
above and at the bottom.

Pulsators: (6) - 1.5kW (POW)

TELEMARK CANAL BARRIER
Kjeldal Lock, Norway
Constructed in 2012

Species: Northern Pike

1 Barrier type: Upstream

Electrodes: Flat bar steel electrodes installed over
new Insulcrete layer.

= Pulsatars; (10) - 1.5kW (POW)

' CLECO BARRIER
Mountain Bayou Lake, Louisiana
Constructed in 2011

Species: Grass Carp

- Barrier type: Downstream, two (2) locations

& - Electrodes: Flat bar steel electrodes installed; one
- over Insulcrete base and the other over insulated
fabric layer.

Pulsators: (6) — 1.5kW, each site (POW)
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Smith-Root has more than 65 guidance arrays installed around the world. They meet the varying needs of natural
resource agencies and private sector clients either to guide fish to desirable locations or to block them from accessing

areas where they are not wanted.

To navigate to details for each of these sites please copy this link into your browser: fitip. /'wuw smith-root.com/barriers/

Once you are on the home page for Smith-Root fish barriers, look for a link in the white box near top of page for "Barrier
Portfolio" next to the "Learn More" tab.
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A Review of Round Goby Swimming Capabilities, Behaviors, and Habitat
Preferences to inform Colonization Deterrence Applications in Waterways

Figure 1. The Round Goby (Neogobius melanostomus) with characteristic black spot
on first dorsal fin and its fused pelvic fin (from Figure 1A in Hirsch et al. 2016a).
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Executive Summary

To inform deployment of Round Goby (Neogobius melanostomus) deterrence systems at the
Menasha Lock on the Fox River, the available science describing the swimming behavior,
migrational patterns and habitat preferences of juvenile and adult invasive Round Goby was
summarized. The Fox River (a tributary to Lake Michigan in Wisconsin) comprises some 17
locks between Lake Winnebago and Green Bay. Because this invasive species had already
colonized the Great Lakes in the early 1990’s, the Wisconsin Department of Natural
Resources promulgated rules for invasive species prevention measures to thwart range
extensions in Wisconsin waters. There is a desire to reopen one of the Fox River waterway
structures (Menasha Lock) to regular boat traffic, without incurring the risk of further Round
Goby range extensions. Our review addresses the behaviors, migrational patterns and life
history habitat requirements of round gobies with this perspective in mind: exploit Round
Goby life cycle weaknesses for strategies that can allow lock operation while deterring

upstream movements and reducing this species’ proclivity for range extensions.

The review was substantive. It examined global sources of information on Round Goby
colonizations and their various life history requirements and adaptations. Objectives focus on
an improved understanding of Round Goby swimming behaviors and habitats to guide
decision-making for potential fish deterrence applications. Our aim in this literature review is
to summarize existing knowledge on this species and review its potential for upstream
movement at sites such as a proposed electric barrier at Menasha Lock. Thus, we consider
the various life-stage adaptations and swimming behaviors of round gobies, their habitat
preferences, and known environmental factors that either limit or foster range extensions. A
better understanding of this species’ biological and physical requirements can help elucidate
life history vulnerabilities and/or aid in the development of deterrence strategies and

technologies to reduce the risk of range extensions through the subject lock and environs.

Key Findings: Adults. Our review shows that in general, the Round Goby can live up to 5

years, attain maximum total lengths up to 25 cm, and achieve sexual maturity when 1+ to 3
years old. Maximum size differs in various localities, from 12 cm for males and 11 cm for

females in the upper Detroit River, to 25 cm for males and 19 cm for females in Europe. A
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main taxonomic anomaly is the presence of a fused pelvic fin on round gobies that forms a

suction cup or disc for “burst-and-hold” behaviors that aid upstream movement in rivers.

Based on research results of Round Goby swimming behaviors from three published
accounts, gobies are quite adept at using “burst-and-hold” or “burst-and coast” strategies to
promote upstream movements in strong water velocities. The fused pelvic fin adaptation
allows round gobies to “hold-station” in various flow regimes. Therefore, velocity barriers are

unlikely to be an effective upstream migration deterrent in waterways.

Round gobies are able to maintain (indefinitely) swim speeds less than 35.5 cm/s but a
proportion can maintain speeds >75 cm/s for “burst swims” up to a half-minute in duration
(suggesting that with a “burst-and-hold” strategy, these fish could navigate flows, through
successive attempts, at levels just less than their maximum-burst swimming capabilities. A
swimming endurance model (Tierney et al. 201 1) indicated that flow rates would need to be
>125 cm/s to prevent upstream movement by round gobies in areas free of refuge recovery
habitat. Other swimming speed research showed no significant difference in maximum
swimming speed and station-holding endurance capabilities between lake and river-origin fish.
Apparently, river fish are not better swimmers than round gobies from lake populations.
Maximum speed and endurances were similar, indicating that the unidirectional, higher flows
found in rivers are not strong enough to act as dispersal barriers for round gobies. However,
we found published evidence (Savino et al. 2001) that an electric barrier successfully
deterred round gobies from accessing a Lake Michigan tributary stream. Thus, an electric
barrier (leveraged with any natural hindrance effects from water velocity) warrants

consideration for the Menasha Lock deterrence application.

Diurnal Behavior: Adult gobies were more active on rocky substrates (as opposed to sandy
habitats) during daylight hours than at night. These findings were statistically significant and

concluded that the proclivity for daytime activity may lower the risk for predation.

Key Findings: Juveniles. In the Great Lakes region, round gobies spawn from May to

October in a range of water temperatures from 9 to 26 °C. Males prepare and guard the nest
from intruders through the incubation and hatching periods. Various physical locations are



used for nest construction (each in some form of underwater structure forming a cavity with a

single opening).

Data on Round Goby juvenile swimming speeds were quite scarce. However, we found
references to an account published in a Russian journal. Initial swimming speeds of newly
hatched, 5.5 mm fry were 2 cm/s and swimming speeds of 6 mm fry three days after hatching
were 4.4 cm/s. Those unseen data come from a paper by Logachev and Mordvinov 1979, as

cited by Marsden et al. 1996. We found no other accounts of larval swimming speeds.

Review findings also underscore the adaptive nature of this harmful and dangerous invader.
lts adaptations include repeat spawning every 18-20 days, portion spawning, hidden nest
construction, parental brood care, an unusual egg shape having strong substrate attachment
capabilities, a very short embryonic development period coupled with relatively fast free-
swimming independence, and utilization of varied habitats and water qualities. Canadian
modeling studies reinforce such risks and concerns: Round Goby range expansions of 9.3

km/year were predicted in high-quality habitats.

Diurnal Behavior: Of high importance to the purposes of this review, we found evidence for a
diel vertical migration pattern among newly hatched, 6.5 to 8.9-mm Round Goby fry. Based
on ichyhyoplankton net tows in two separate studies, newly emerged goby fry were present in
surface waters only at night (virtually none were found during daytime plankton tows).
These data suggest a novel dispersal strategy for a species that lacks a swim bladder. The
implication is that this negatively buoyant species may be employing a diel surface migration
strategy for emergent fry to find and use surface currents for dispersal to new habitats. This
unique behavioral adaptation may explain how round gobies found a way to North America in
the ballast water of commercial shipping vessels. Relative to the Menasha Lock, the diel
pattern does offer the potential to limit dispersal of juvenile Round Goby by enforcing a policy
of not operating the lock at night. Also, the lack of any significant upstream current (i.e. flow
into the lock from Little Lake Butte Des Morts), especially near the bottom of channel,
severely limits the risk of upstream drift of larval gobies during daylight hours when the lock is

in operation.



Key Findings: Habitat Preferences. The Round Goby is a bottom-dwelling fish that prefers

rock/gravel substrates with interstitial spaces for both escape cover and for spawning in
littoral areas of lakes and rivers. Gobies also seem to prefer human-made riprap,
breakwaters, and rocky or coarse-gravel in inshore areas with abundant escape cover. Other
preferred habitats include stony bottoms, mussel beds, areas near marina-type structures
(piers, wharves, etc.) and on occasion, humus-containing bottoms overgrown with marine

flora where they can reside with restricted movement.

In the Trent River near Lake Ontario, over 90% of the fish sampled were found in rock or
gravel substrates (as opposed to sites composed of sand or macrophytic vegetation). Round
Goby habitat preferences in three tributaries to Lake Erie, Pennsylvania were similar: rocky
areas having moderate streamflow. But smooth, shallow bedrock areas in upstream portions
of these streams were not used, presumably because they contained fewer ledges and
crevices than found in deeper, more open stream areas. Shallow bedrock areas appear to

act as a barrier to colonization and further upstream movement by round gobies.

Management Implications: Based on our review, the following management implications

are offered:

(1) Water-velocity alone is unlikely to be an effective deterrent to halt the spread of adult
Round Goby. However, an electric barrier was successful in blocking goby movement
in a Great Lakes tributary. Furthermore, the effectiveness of Round Goby deterrence
systems such as graduated-field electric barriers may be improved if built on smooth,
bedrock-type characteristics void of goby refugia.

(2) Research reviewed on the vertical migrations and diel periodicity of newly emerged
Round Goby fry provide additional implications for managers concemed about risks of
goby transport at waterway structures. The science we reviewed (especially Hensler
and Jude 2007) strongly suggests that larval gobies are only in the water column at
night (i.e. in surface waters). Because the swimming abilities of these 6 to 9-mm
larvae do not exceed 5 cm/s, and there is strong evidence that their dispersal strategy
is to drift with water currents, there is little risk of their upstream movement in an area
with no upstream current and occasional strong downstream current (when water is
spilled from the lower lock gates). If the lock is operated only during daylight hours
when larvae are absent from the water column, there should be no opportunities for
upstream transport of larvae, suggesting that deterrence efforts need to instead focus
on adult fish.



(3) The localized site fidelity of the Round Goby coupled with its preference for rocky,
cobble substrates and underwater structures indicate that transport and colonization
risks can be reduced or eliminated when these habitats are unavailable. Because
smooth, bedrock-type areas were found to act as a barrier to Round Goby
colonization and upstream range extension, the addition of such streambed
modifications (replica structures) could serve to minimize goby presence downstream
of waterway projects. However, such efforts may be costly and may present stream-
bed engineering challenges. Other technologies (e.g. graduated-field, electric fish
barriers) can provide better and cheaper solutions for Round Goby deterrence at
Menasha Lock or other areas, as this type of electric barrier has achieved Round
Goby deterrence success (Savino et al. 2001).



Introduction

A lock system on the Fox River, a tributary to Lake Michigan in Wisconsin, has had a varied
history since the 1850’s, with multiple operators including the U.S. Army Corps of Engineers.
In 2001, the Wisconsin State Legislature created the Fox River Navigational System Authority
(FRNSA) to take ownership of some 17 locks between Lake Winnebago and Green Bay. The
Menasha Lock is the upstream-most of these locks, providing a boat connection between
Lake Winnebago and the impounded part of the Fox River known as Little Lake Butte Des
Morts. The Menasha Lock, shown in Figure 2, is typically open from mid-May to early
October, and the average annual usage during this period is about 1,500 boats. The lock is

only operated during daylight hours.
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Figure 2. Menasha Lock from upstream (Lake Winnebago), looking north. Source: Smith-

Root, Inc.

In 2009, the Wisconsin Department of Natural Resources promulgated new rules for invasive
species that require preventative measures to thwart range extensions into Wisconsin waters.
A key target of such legislation was a highly invasive fish species, the Round Goby



(Neogobius melanostomus), which had already colonized the Great Lakes. One of the Fox
River waterway structures (Menasha Lock) is the focus for this review. Managers want to
reopen Menasha Lock to regular boat traffic while simultaneously deterring movements of

gobies, without incurring risks of further range extensions through the lock.

The Round Goby is an aggressive bottom-dwelling fish from the Ponto-Caspian region of
southeast Eurasia (i.e. Black and Caspian seas) that extended its range to areas of the Baltic
Sea (Skora and Stolarski 1993) and the Laurentian Great Lakes (Jude et al. 1992) during the
summer of 1990. This invasive species now occurs in both brackish and fresh waters in
numerous areas around the world, especially in major river systems and lakes in Europe and
North America, where large populations have become established (Kornis et al. 2012;
Bonislawska et al. 2014). Various life stages of the Round Goby were likely transported to
the Baltic Sea’s Gulf of Gdansk and to North America’'s Great Lakes in the ballast water of
Ponto-Caspian shipping vessels in the late 1980’s (Corkum et al. 2004). Successful fish
invaders are tolerant of environmental change or can survive harsh conditions, as has this
euryhaline species throughout the Great Lakes, despite strict ballast water exchange
legislation (Ricciardi and Maclsaac 2000). Round Goby species colonized all five U.S. Great
Lakes in just 5 years (Jude 1997).

A small, soft-bodied, bottom dwelling fish, the Round Goby can live up to 5 years, attain
maximum total lengths up to 25 cm, and achieve sexual maturity when 2 to 3 years old
(Bronnenhuber 2010). Maximum size differs in various localities, from 12 cm for males and
11 cm for females in the upper Detroit River (Maclnnis and Corkum 2000), to 25 cm for males
and 19 cm for females in the Gulf of Gdansk, Poland (Sapota 2012). Although similar in
appearance to North American freshwater sculpins (Coftus spp.), a main taxonomic
difference is the presence of two, distinct pelvic fins on fish in the family Cottidae versus the

fused pelvic fin found on round gobies (see Figure 1).

Round Goby characteristics include frog-like eyes, a black spot on the dorsal fin and the
fused pelvic fin that helps form a suction disc on the fish’s ventral surface (Corkum et al.
2004, State of Michigan, no date). This species is often found on hard substrates in

association with another Eurasian invader, the Zebra Mussel (Dreissena polymorpha), a

major component of goby diets owing to their pharyngeal teeth that can crush mollusk shells



as soon as juvenile gobies grow to a length of about 6 cm (French and Jude 2001). Zebra
mussels may have facilitated Round Goby invasions by providing an abundant food source

(Ricciardi and Maclsaac 2000).

The spread of an invasive species such as the Round Goby is a serious challenge for natural
resource managers because once established, containment is difficult, native fish species
become threatened, and major shifts in aquatic species’ population and ecosystem structure
are inevitable. Several studies have shown the harmful effects of Round Goby predation on
the eggs of native fish fauna (Sapota and Skora 2005: Kornis et al. 2012) and an ability to
outcompete indigenous species for food, shelter and spawning habitat (Lauer et al. 2004;
Balshine et al. 2005).

A very recent publication compared the early and the late phases of the European invasion at
the population level in the Danube River between Austria and Germany (Brandner et al.
2018). These authors noted an upstream invasion by the Round Goby of some 30 river km in
the Danube within just 4 years. More importantly, this research keyed on the principles of
adaptation and genetic plasticity as prime factors in goby colonization success rates. Large-
sized pioneering invaders (the earliest colonizers), with greater exploratory behavior, highly
adaptive phenotypic plasticity, and increased com petitive ability pave the way for colonization

success (Brandner et al. 2018).

Such adaptive capabilities and genetic plasticity observations among various Round Goby
invasions are strongly supported by other recent research. Kornis et al. (2017) examined the
attributes and life history patterns of round gobies that had colonized Lake Michigan versus
those living in the lake’s adjacent tributaries (stream habitats). Tributary gobies grew much
faster, had shorter life spans, and achieved sexual maturity at younger ages compared to
those residing in Lake Michigan proper. This Lake Michigan research suggests an additional
concern: that divergent life history patterns emerge as a result of local adaptations following
initial Round Goby invasions. Adaptive divergences can potentially act as springboards for
range extensions by invasive species (Kornis et al. 201 7). The observed differences and
suggested divergences noted by these authors between lake and tributary round gobies are
consistent with life-history theory predicting rapid growth, early reproductive maturity, and a

greater investment in reproductive strategies during population establishment in new, low-



density habitats (Behn et al. 2004). However, and when body sizes were compared among
round gobies in an initial colonization location (68 to 77 mm) with those (74 to 92 mm) in
newly colonized areas in the Trent River, Ontario, the smaller fish sizes in the initial
colonization habitat were thought to be a result of density-dependent factors (Gutowsky and
Fox 2011). Round Goby densities reported in some Lake Michigan habitats approach 130
fish/m? (Chotkowski and Marsden 1999).

The state of knowledge of these impacts, adaptations and behavioral abilities among invasive
Round Goby populations is therefore crucial to our understanding of potential life-cycle
vulnerability points; knowledge that can help allocate resources, motivate containment

strategies, and implement technologies to deter or arrest range extensions.

The goal of this paper is to focus and present findings on Round Goby life-cycle and

behavior-related adaptations from an intensive, global literature review having three

objectives:

(1) Describe swimming performance and diurnal behavior of adult round gobies to inform
management prospects for potential barrier designs;

(2) Provide a similar review of Round Goby juvenile swimming and diurnal behaviors; and

(3) Describe the types of lacustrine and riverine habitats preferred by juvenile and adult
gobies (including their spawning and rearing habitats) to inform which habitats are
high-risk for Round Goby transport and colonization..

Methods

Our review was structured to present information on (1) adult Round Goby swimming
capabilities and any reported diurnal behaviors or patterns, (2) larval and juvenile swimming
behaviors and migration patterns, and (3) the habitat preferences of all life stages. These
goals were established in attempts to garner data and information useful to natural resource
and engineering managers who approve and/or operate waterway projects where the risk of
further Round Goby range extensions is deemed to be high. What types of habitats do round
gobies prefer? What types of water velocities can they navigate and overcome? Are there

any life history weaknesses that can be exploited to minimize the risk of opening new
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colonization transport avenues? And are there any diurnal patterns in goby behavior whose

knowledge can be used to lower those risks?

We used online commercial databases, literature search tools and colleague contacts to
collect and assess information relevant to our objectives. Key search words and phrases
were used with prioritization on papers and publications involving Round Goby life history
requirements, population dynamics and the unique life history adaptations that have made
this species so successful in new environments. However, we focus our review on those
results most applicable to the potential reopening and operation of the Menasha Lock on the
Lower Fox River in Wisconsin, where deterrence strategies and barriers are now under

consideration.

Results

Morphology and Life History Background:

The Round Goby is a prolific, repeat spawner over an extended reproductive season.
Research by Jude et al. (1992) suggests that round gobies have the ability to spawn every
18-20 days up to six times per year under favorable reproductive conditions. Thus, potentials
exist for production of large numbers of offspring. Males guard the eggs that are typically
deposited in nests within a protective cavity. Dr. Lynda Corkum (University of Windsor,
Canada) provides a useful summary of Round Goby identification and reproductive traits with
a video of Round Goby spawning behavior on her website link:
http://web2.uwindsor.ca/courses/biology/corkum/goby/goby.htm
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" A host of papers provide information
| on Round Goby size, from pre-hatch
egg diameter to adult length and
fecundity at reproductive maturity.

| Several examples are highlighted to

| provide the reader with perspective on

3 approximate sizes at different life

% history stages.

.' Figure 3C (from Hirsch et al. 2016b)
depicts the unique shape of Round
Goby eggs (described in more detalil

o3 below) and an adult egg mass (2B).

l Hirsch et al. 2016b also studied the

- resiliency of Round Goby eggs. They
found a resistance to physical removal
(a 90 mN attachment strength of
individual eggs) even if exposed to a
rapid water flow of 2.8 m/s for 1 h (and
a >95% hatching success after eggs
were out of water for 24 h). N (in
newtons) is a stress-force value of
tensile strength. Round Goby eggs
seem to have attachment strengths
akin to the byssus threads used by
marine mussels for attachment to
wave-washed, rocky coastlines (Bell
and Gosline 1995).

Figure 3 (from Hirsch et al. 2016b). The invasive Round Goby and its adhesive egg
mass deposited inside a pipe trap (2B) and showing the adhesive attachment
filaments on a single, ellipsoid egg (2C).
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In a Round Goby study at a university in Poland, Bonislawska et al. 2014 collected sexually
mature fish from an area in the Baltic Sea known as Puck Bay. Males (average length about
15 cm) and females (average length 12.4 cm) were transported to tanks having sand and
stone bottoms with water quality conditions (e.g. dissolved oxygen, temperature and salinity)

similar to those in capture locations.

The fish collected by Bonislawska et al. spawned naturally in confinement, with newly laid
eggs (uncharacteristically ellipsoid or “pear-shaped” in nature) attached to tank substrates.
Egg height approximated 2.7 mm and egg width ranged from 1.3 to 1.9 mm. Resulting fry
began active feeding 5 days after hatching (average larval length 10.3 mm), when yolk sacs
were reabsorbed. After 90 days, mean length was 24.8 mm and mean weight was 0.18 g.

In the Great Lakes region, round gobies spawn from May to October but require a range of
water temperatures from 9 to 26 °C for spawning success (Maclnnis and Corkum 2000).
Unlike reports from Europe and the findings of Bronnenhuber 2010 (that female Round Goby
mature at age 2), Maclnnis and Corkum found sexually mature, female round gobies at just 1
year of age in the upper Detroit River. Whereas fecundity appears to be much higher in
European round gobies (Bonislawska 2014), Maclnnis and Corkhum noted mean fecundities
of only 198 eggs per nest, with nests in the upper Detroit River being used more often by
more spawning females than in European goby nests. Phillips et al. 2003 also found female
round gobies maturing at 1+ years of age in Pennsylvania tributaries to Lake Erie, with
fecundities ranging from 86 to 591 eggs. Apparently, males migrate from deeper water to
establish spawning areas (dig out nests) in shallow water before females arrive at spawning

locations (Maclnnis and Corkum 2000).

Round Goby reproduction involves five stages: territory establishment, nest preparation,
courtship behavior, spawning, and parental care of the eggs. Male gobies construct the nest
(Marsden et al. 1996). European data suggest that males die after spawning (when nest
guarding activities are complete), but females can reproduce in subsequent years and more
than one female can spawn in a given nest (Sapota 2012). Also, the reported life span of the
Round Goby is somewhat short: 3 to 4 years in the Gulf of Gdansk (Sapota 2012) and up to 5

years in the Great Lakes region (Bronnenhuber 2010).
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Various physical locations are used for nest construction (each in some form of cavity with a
single opening). Using cement gland excretions, nest substrates are coated by the male
whereupon females “glue” each egg to the nest cavity’s roof (Marsden et al. 1996). These
authors report that nests are generally built under stones, logs or other protective cover
where males guard and fan the eggs to promote aeration and reduce fungus. Marsden et al.
1996 cite additional reproduction-related information (unseen) in difficult-to-obtain Russian

papers (Logachev and Mordvinov 1979; Moiseyeva 1983; Moskal’kova 1989):

e Round Goby eggs are 3.4 to 3.8 mm in diameter and develop in 14 to 15 days at 19-
21 °C or 18 to 20 days at 17.5-19 °C under laboratory conditions.

» Round gobies lack a true larval stage (most researchers instead refer to “fry”).

e Fry emerge from eggs at 5.5 to 5.7 mm in length, begin feeding on prey (such as
juvenile brine shrimp) within a couple of days of hatching, and are 6 mm in length by
day three.

o Newly hatched fry are capable of swimming speeds averaging 2 cm/s. After 3 days,
they can swim at speeds of 4.4 cm/s. These data come from Logachev and
Mordvinov 1979, as cited by Marsden et al. 1996.

Other difficult-to-obtain publications in Russian (Berg et al. 1949 and Nikolsky 1954, as
reviewed and cited in Bonislawska et al. 2014) provide further data on reproductive behaviors.
Those Bonislawska-cited sources mention spawning times from April until August for round
gobies in Black and Caspian Sea-related habitats. Egg fecundities ranged from 300 to about
6,000 eggs laid in masses in portions (i.e. multiple egg deposits) at water depths from 0.5 to
6 m at 15 to 16 °C. Hatching occurred within 4 to 7 days as water temperatures rose (but
larvae remained attached for several more days to the adult male-guarded nest via their
ventral suction discs). Different thermal regimes and water quality conditions undoubtedly
contribute to reproductive timing and physical size differences among the varied habitats
used by the Round Goby. In research conducted by Kornis et al. 2017, gobies residing in
Lake Michigan tributaries grew much faster (122.3 mm at age 2+) versus 65.7 mm for lake-
residing gobies at the same age (with tributary fish attaining reproductive maturity in just 1.6
years versus 2.4 years for lake-residing fish). Kornis et al. 2017 suspect that the warmer
water temperature profile in their tributary study streams (versus a colder thermal regime in

Lake Michigan) was a key driver of the divergent life histories they discovered. But some
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very important points and management implications can be drawn from studies like the

Kornis et al. work:

e Life history divergence is likely when introduced species spread into suboptimal, novel
habitats. The more a species spreads, the greater its adaptive requirements.

* This propensity (for local adaptations) also requires a high degree of phenotypic
plasticity. Gradual genetic changes (via natural selection) are undoubtedly a reason for
what may otherwise appear to be conflicting life history data from various authors
evaluating different study sites.

* Also, divergent life histories may be prevalent among invasive species that are now
engaged in secondary invasions into connected habitats.

Our review found what is purportedly an incidence of intersex (simultaneous occurrence of
both male and female gonadal tissue) among round gobies in Europe (two harbors in Poland).
Gonad analysis of two male fish from separate harbors displayed the presence of female
gametes in histological examination of testes. However, and as pointed out by the authors
(Guellard et al. 2015), these anomalies could be the result of the improper discard of
estrogenic endocrine disruptors in harbor waters (compounds known to induce sex-changing
influences in other fish species). In fact, Marentette et al. (2010) found similar evidence
among male round gobies from Hamilton Harbour, Canada. However, additional concerns
(that round gobies have a propensity to concentrate pollutants in their tissues and thus
promote ecosystem food-web contamination in apex predators) may be the greater risk.

In Lake Erie, Smallmouth Bass (Micropterus dolomieu) males vigorously defend (guard) their
nests from the Round Goby's propensity to prey on eggs of other species. This heightened

activity among bass can cause significant declines in their weight and energy (Steinhart et al.
2004). Therefore, increased parental care costs (owing to the presence of round gobies) can
affect future growth, reproduction, and survival when Smallmouth Bass approach critically low

energy reserves.

From an overall perspective, newly colonized round gobies in the brackish waters and lakes
of North America are smaller, mature earlier, have a male biased operational sex ratio and
are more short-lived compared with round gobies from Ponto-Caspian native habitats
(Corkum et al. 2004).
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Our review findings underscore the adaptive nature of this harmful and dangerous invader.
Its adaptations include repeat spawning every 18-20 days, portion spawning, hidden nest
construction, parental brood care, an unusual egg shape having fast substrate attachment
capabilities, a very short embryonic development period coupled with relatively fast, free-
swimming independence, and utilization of varied habitats and water qualities. Canadian
modeling studies by Brownscombe et al. 2012 reinforce such risks and concerns: their
research model predicts a range expansion of 9.3 km/year in high-quality habitats in the
Trent-Severn Waterway in Ontario, with a 5% probability that highly mobile round gobies

could disperse up to 27 km/year.

Objective 1: Round Goby Swimming Speeds and Patterns (Adults)

In comparison with the numerous papers and publications on occurrence, colonization and
life history information, comparatively fewer research studies and reports have been
undertaken to assess and quantify the swimming speeds and patterns of round gobies. Two
of the best, however, are studies published by Tierney et al. 2011 and Gilbert et al. 2016,
using stepped velocity tests where fishes are brought to fatigue through incremental
increases in water flow and the speed at fatigue is considered the critical swimming
performance (described as Ueq; see Gilbert et al. 2016). The Ue, test (Brett 1964) was
pioneered for research on salmonid swimming performance. In fishes that employ alternate
strategies to advance or maintain positions in flowing water, the point of fatigue will relate to
water flow speed, but will result from a combination of energy exerted in substrate holding
and swimming (Gilbert et al. 2016). Fortunately, we are not dealing with various species of
Hawaiian gobies (they also use a fused pelvic fin as a suction disc). Hawaiian gobies can
gradually “climb” 350-m high waterfalls to reach upstream spawning grounds (Blob et al.
2007)! The fused pelvic fin is a unique adaptation among gobiid fishes that plays a very

important role in Round Goby migration and dispersal (Jude et al. 1992).

The Gilbert et al. 2016 Swimming Speed Study:

In swimming performance tests of 23 adult gobies from the upper Detroit River (mean mass
16.9 g and mean total length 11.2 cm), Gilbert et al. 2016 used a modified respirometer
comprised of a 1-m square tube with internal dimensions of 10 x 10 cm as their test

apparatus. A rear gate made of stainless steel was electrified with low voltage (<5 V) to
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prevent gobies from resting at the rear of the flume. Fasted adult gobies (no juveniles used)
were selected for testing and acclimated to the minimum flow in the test chamber (17.9 cm/s).
Fish were brought through stepped increases in flow until they were unable to remain off the
electrified rear grid for 5 s. Each step “height” was 7.5 cm/s and each step length was 10 min.
Swimming behaviors (holding, “sliding,” or swimming) were video-recorded and visually
scored. Substrate holding was a primary behavior noticed in this research. The critical
substrate holding velocity (Unes) was the last flow speed at which holding accounted for >50%

of total goby activity.

In the Gilbert et al. study, the U critical swimming performance value (the water speed in
which a position can be maintained for a prolonged time period) was measured at 34.8 cm/s.
The last flow speed at which round gobies were able to hold the substrate for a majority of
the time (Unoig) was 28.6 cm/s, with swimming as the primary behavior once fish were unable
to hold the substrate. Results suggested that substrate holding ability was largely
responsible for test fish to reach U, but with substantial, individual variation (e.g. some fish
reached Uy by using a “burst-and-coast” gait with greater than three bursts per min). In
coarse, natural, stream substrates, round gobies may perform better because resting refugia

could be used to replenish energy reserves during arduous, upstream dispersal forays.

The Tierney et al. 2011 Swimming Speed Study:

Round Goby swimming behavior was also evaluated by Tierney et al. 2011, who recorded
activity in a 2-m flume using “critical swimming” (Ue) and burst tests in both still and flowing
water. Similar to the Gilbert et al. work, study fish also came from the Detroit River near
Windsor, Ontario and were captured by hook and line and subsequently held for recovery at
the University of Windsor for 6 months or more. The authors evaluated 24 female and 23
male fish having an average mass of 15 g and a mean total length of 11 cm. Goby swimming
ability was measured and video-recorded in three ways: (1) by chasing (startling) fish in static
water to ascertain maximum burst speed, (2) allowing volitional choice by fish to swim
upstream or downstream, and (3) by motivating fish to swim in flowing water in a swim tunnel.
Minimum flows in the flowing water tunnel trials were set at 17.9 cm/s and incrementally
raised to 2x the maximum achieved by each goby tested. Like the Gilbert et al. study, a rear
removable gate in the swim tunnel was electrified with low voltage (5 V) to prevent test fish

from resting at the rear of the flume. Salient findings from Tierney et al. are as follows:
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Fish chased in still water exhibited average burst swimming speeds of about 1 m/s (97
cm/s) for either sex, corresponding to 9.3 body lengths (BL) per second, with individual
speeds ranging from 15 to 162 cm/s (1.7 to 16 BL/s).

Tests in still water further showed that round gobies (regardless of sex) became
fatigued and unresponsive to stimuli in just over 2 min, with successive series of bursts
at lower speeds. However, males exhibited 2x the number of bursts seen in female
fish and males covered twice the total distance (about 12.2 m) traveled by females
(5.7 m) in burst tests (about 110 versus 63 BLs).

Volitional movement trials showed that gobies chose to move in the test flume under
low-flow conditions after a period of some 4 hr. No sex-based movement differences
were observed but fish covered considerable ground in the test environment (about
81.3 m, or 722 BL).

Flowing water trials used the well-known “critical swimming performance” (Uci) test to
evaluate Round Goby behavior when forced to swim in a swim tunnel. In these trials,
gobies used either a “burst-and-hold” or a “burst-and coast” strategy to deal with
velocity. These trials soon became “critical station holding” abilities because all gobies
retarded rearward movement by contacting the tunnel’s substrate. Burst-and-hold
distances averaged 35.5 cm/s (3.2 BL/s) whereas burst-and-coast distances averaged
65.8 cm/s (5.8 BL/s). In either case, behaviors were unrelated to fish sex.

The majority of test fish spent greater time upstream than in downstream locations but
the difference was not statistically significant. Researchers found no significant overall
diurnal difference in the number of upstream versus downstream trips made by gobies
(day: 36.4; night: 41.4). However, gobies made significantly more short trips at night
(in an upstream direction) and were less active during the day (i.e. they exhibited a
nocturnal bias).

Maximum swim speeds of round gobies were unrelated to those that fish could
perform when forced (with travel distances similarly unrelated to those observed when
fish were forced). Results indicate that gobies are able to sustain speeds of up to
about 38 cm/s (3.4 BL/s) for indeterminate periods but that a marked and steady
decrease in swimming duration occurs at swim speeds above 40 cm/s (about 3.6

BL/s).

The research from Tierney et al. 2011 suggests that round gobies can choose to be very

active swimmers, with daylight having only a marginal influence. When coerced, gobies can

be formidable swimmers with somewhat powerful burst swimming capabilities and an ability

to “hold-station” in fairly strong currents. Round gobies appear to be able to maintain
(indefinitely) swim speeds less than 35.5 cm/s. About 18% of the gobies tested by Tierney et

al. maintained speeds >75 cm/s for “burst swims” up to a half-minute in duration (suggesting

that with a “burst-and-hold” strategy, these fish could navigate flows, through successive
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attempts, at flows just less than their maximum-burst swimming capabilities). The authors
provide a swimming endurance model indicating that flow rates would need to be >125
cm/s to prevent upstream movement by round gobies in areas that are free of refuge

recovery habitat.

The Hoover et al. 2003 Swimming Speed Study:

An additional paper on goby swimming speeds was reviewed. This comprised some earlier
work by Hoover et al. 2003. These authors also examined critical swimming and holding
behaviors during water velocity tests to quantify the maximum sustained swimming speed of
the Round Goby in a somewhat smaller flume than used by Tierney et al. 2011. Hoover et al.
tested 63 males and 34 females (total lengths ranged from 7.2 to 15.4 cm for males and 7.5
to 13.6 cm for females). They reported mean station holding speeds of 20.7, 42.4, and 52.5
cm/s on Plexiglas, sand, and gravel substrates respectively. In all experiments, round gobies
spent very little time (<20%) swimming in the water column and preferred to stay on orin

close proximity to the bottom substrates that were evaluated.

The Hoover et al. research subjected round gobies to a variety of flow rates from 15 to 75
cm/s, recording time to fish fatigue. Their research notéd burst, prolonged, and sustained
station holding at speeds from 15 to 20, 20 to 50, and 55 to 75 cm/s, respectively. At 17 °C,
small gobies exhibited sustained station holding at 15 cm/s, prolonged station holding (from
0.5 to 44 min) at 20 to 50 cm/s, and burst station holding at 55 to 75 cm/s. Large gobies
exhibited sustained swimming at 20 cm/s, prolonged swimming (0.5 to 72 min) at 20 to 50
cm/s, and burst station holding at 55 to 75 cm/s (larger fish having greater endurance than
smaller cohorts). At 20 °C, small gobies exhibited prolonged station holding (0.5 to 61 min) at
15 to 55 cm/s, with burst station holding behavior at 60 cm/s.

However, and as noted above, 18% of the gobies tested by Tierney et al. 2011 maintained
speeds >75 cm/s for burst periods as long as a half minute. And in still water, the Tierney et
al. data show that 87% of fish maintained a speed >75 cm/s for at least 0.5 s. For Round
Goby management and deterrence purposes, the Tierney et al. 2011 data seem to call into
question those reported by Hoover et al. 2003 who suggested that flow speeds >75 cm/s

would be a sufficient hydraulic barrier for Round Goby containment.
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Other Data on Round Goby Swimming Speeds:

MS thesis research by Bronnenhuber 2010 also looked at maximum swimming speeds and
station holding endurance for round gobies collected from both lake and river populations
(encompassing habitats in or adjacent to Erie, Huron and Ontario Great Lakes). The author
described methodology issues with her data and her interpretations for absolute Uc:it and Unoa
values (in obtaining data showing swim speeds that were over 100 cm/s and thus double or
triple those reported by other researchers). Thus, these data may be questionable. But
since the same methodology was used between all sample sites, one result should hold.
Bronnenhuber found no significant differences in maximum swimming speed and
station holding endurance capabilities between lake and river fish. Apparently, river fish
were not better swimmers than round gobies from lake populations, as originally
hypothesized. Maximum speed and endurances were similar, indicating that the
unidirectional, higher flows found in rivers are not strong enough to act as dispersal barriers

for round gobies (Bronnenhuber 2010).

Adult Diurnal Behavior:

In regard to potential diurnal behavioral patterns among adult round gobies, Ray and Corkum
2001 found adult fish to be most active on rocky substrates (as opposed to sandy habitats)
during daylight hours than at night. Their findings were statistically significant and highly so.
The authors concluded that the proclivity for daytime activity was geared towards lowering
the risk for predation on adult round gobies. Belanger and Corkum 2003 attached tethers
(25-cm monofilament lines) under the dorsal fin of round gobies (mean weight 8.5 g; mean
total length 8.6 cm) to evaluate predation in sandy habitats with and without shelters. Results
showed that 17 of 120 round gobies were missing from the sand habitats having no shelters
whereas only 7 of 120 gobies went missing from the sand habitats with shelters. Such
findings support the need for refugia and shelters (e.g. rocky cobble, crevices, shipwrecks,

etc.) by round gobies to reduce their predation risk in newly colonized habitats.

Management Implications:
The subject of Round Goby swimming capabilities necessitates consideration of at least two

key points regarding the findings for adult fish:
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(1) The unusual, fused pelvic fin on round gobies (that distinguishes this fish from most
other non-gobiid species) can be used as an effective suction disc in high, turbulent
flows or while ascending inland rivers (Marsden et al. 1996: Bronnenhuber 2010) and
even high waterfalls by some Hawaiian gobiids (Blob et al. 2007). This morphological
adaptation allows for the successful “burst-and-hold” behaviors observed by Hoover et
al. 2003, Tierney et al. 2011 and others (making water velocity barriers all the more
challenging).

(2) Clean smooth substrates can minimize opportunities for adults to rest and recover
when attempting to use “burst-and-hold” strategies to ascend upstream areas in rivers.
For goby containment and/or deterrence applications, resource managers should
consider all options to eliminate coarse cobble and rocky substrates in waterway
projects where goby transport and colonization risk must be eliminated or reduced.
Rocky cobble substrates and underwater structures are preferred habitats for
invasive round gobies because they offer refugia that promote rest-and-burst or
rest-and-coast behaviors.

Water-velocity barriers are unlikely to halt the spread of this invasive species. However, and
if applications such as graduated-field electric barriers are being considered for goby
deterrence, it may be possible to include some of the smooth, bedrock-type characteristics
explained by Phillips et al. 2003 (see below) to reduce the risk of upstream transport and
further range extensions if preferred rocky habitats cannot be removed or altered
downstream of a waterway project site. A graduated-field electric barrier successfully
blocked downstream Round Goby migrations in a Michigan stream (Savino et al. 2001).
Whereas control fish moved repeatedly across a non-electrified barrier within 20 min time
periods, movements were blocked when electric gradients up to 4.9 V/cm were applied (and
only a single, dead goby was found below the barrier). Electric barriers have been highly
successful at deterring various fish movements in many applications (Burger et al. 2015).

Objective 2: Round Goby Post-Hatch Behavior and Movements (Fry)

The offspring of round gobies typify a pattern of ontogeny and development common among
livebearers and nest guarders: direct development. That is, the young emerge functionally
and morphologically similar to adults and thus, lack a true larval stage (Marsden et al. 1996).
For this reason, and as mentioned previougly, newly emerged round gobies greater than

about 6 mm in length (attained within a few days after hatching) are referred to as fry.

The embryonic development of the Round Goby is described by Bonislawska et al. 2014 (egg
size and morphology information was previously presented, above). Newly hatched fry are
about 5 mm in length. Yolk sac reabsorption is fairly rapid and occurs within 5 to 7 days,
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when the fry commence feeding on zooplankton (larger sizes of zooplankters are consumed

through day 30).

Initial swimming speeds of newly hatched, 5.5 mm fry (2 cm/s) were reported above, as were
the swimming speeds of 6-mm fry 3 days after hatching (4.4 cm/s). Those unseen data come
from Logachev and Mordvinov 1979 (as cited in Marsden et al. 1996). Additional published

data on the behavior and movements of Round Goby juveniles were limited

Diel Periodicity and Vertical Migrations of Newly Hatched Fry:

Earlier in our review, round gobies seem to be active during daylight hours when they avoid
sand-laden substrates (Ray and Corkum 2001). A study by Hensler and Jude 2007 found
quite the opposite when they sampled Round Goby fry in the Muskegon Harbor channel
leading to Lake Michigan and at subsequent sites in Lake Michigan and Lake Erie.
Collections relied on ichthyoplankton net tows at all sites from June through August, where

catches resulted in Round Gaby fry that were 7 to 8 mm in length (98% of fish sampled).

The most interesting part of the Hensler and Jude report is that Round Goby fry were
most prevalent during nighttime collections at the water surface (with virtually no goby
fry found during daytime tows and none longer than 8.9 mm in the surface nighttime

collections).

These results constitute a very significant diel difference between nighttime and daylight
plankton tow collections. The authors note that surface sampling sites were located some 2
km from known spawning habitat. Hensler and Jude thus hypothesize that this finding
(fry collections in surface areas remote from spawning habitat and only at night) is
evidence for a diel vertical migration pattern — which may be a Round Goby dispersal
strategy for a species that lacks a swim bladder. The implication is that this negatively
buoyant species may be employing a diel surface migration strategy for optimally sized fry
(those 6.5 to 8.9 mm in length) to find and use surface currents for dispersal to new habitats.
This unique behavioral adaptation may explain how round gobies found a way to North

America (i.e. in nighttime ballast water extractions in estuaries by ocean-going vessels).

Results from Hensler and Jude 2007 are a somewhat surprising find, but not necessarily

unique among gobiid fishes. Schultz et al. 2003 found a similar behavioral pattern for a
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cousin to the Round Goby, the Naked Goby (Gobiosoma bosc) in the Hudson River estuary,
New York. Using plankton trawls, Schultz et al. also caught goby fry (having a mean length
of 5.8 mm) in nearshore surface areas at night, particularly during neap tides. Their

conclusion for this diel periodicity result was the promotion of transport for Naked Goby fry.

Management Implications:

The research we reviewed on vertical migrations and diel periodicity of newly emerged
Round Goby fry has potential implications for managers concerned about goby transport risks
at waterway structures. The science provided by Hensler and Jude 2007 (with support from
Schultz et al. 2003 for a related gobiid fish) strongly suggests that larval gobies are only in
the water column at night and utilize a nocturnal dispersal strategy where surface water
currents and wind promote range expansion, similar to the strategies used by some marine
species. Upstream water flows are not likely at Menasha Lock and lock openings for boat
transport would occur only during daytime. Coupled with known larval swimming capabilities
(<5 cm/s) and assuming that discharges from the lock when it is operated will typically
exceed 5 cm/s, it is unlikely that Round Goby fry could ever navigate upstream during lock
openings. If lock openings occur only during daytime hours, the risk of any upstream larval
transport is thus precluded, and management should instead direct its focus on the
deterrence of upstream-moving, adult round gobies (a very achievable goal based on the

electric barrier results obtained by Savino et al. 2001).

Objective 3: River and Lacustrine Habitats Favored by the Round Goby

The Round Goby is a bottom-dwelling fish that prefers rock/gravel substrates with interstitial
spaces for both escape cover and for spawning in littoral areas of lakes and rivers (Hirsch
1998). Gobies also prefer human-made riprap, breakwaters, and rocky or coarse-gravel
inshore areas with abundant escape cover. In the Gulf of Gdansk, preferred habitats of
round gobies include sandy, stony bottoms, mussel beds, areas near marina-type structures
(piers, wharves, etc.) and even muddy, humus-containing bottoms overgrown with marine
flora where they reside with restricted movements (Sapota 201 2). In the Trent River near
Lake Ontario, Gutowsky and Fox 2011 sampled 607 round gobies from upstream and

downstream colonization sites. The predominant habitats selected by round gobies
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constituted rock and gravel (over 90% of fish found in these habitats) as opposed to sites
principally composed of sand or macrophyte vegetation.

In regard to habitats used for reproduction, all solid elements of an estuary, lake or river
bottom can be used as a foundation for round goby nests including stones, rocks, parts of
wood, roots of vascular plants, and even dumped waste (Sapota 2012). In contrast to
European findings, round gobies in streams such as the St. Clair River (a Great Lakes
tributary and site of the first invasion colonization in North America) occur in habitats
that offer cover. These include cobble substrates to 3 m depth (Jude et al. 1992),
riprap, and vegetation in nearshore areas where substrates offer large interstices for
refuge and spawning (Jude and Deboe 1996; Ray and Corkum 2001). Round Goby
catches are generally lower in wetland macrohabitats than in adjacent lake macrohabitats
where gobies seem to prefer areas dominated by submersed aquatic vegetation (Cooper et
al. 2007). Round gobies are also known to visit sandy habitats near beaches at night. This is
especially true of juveniles in search of zooplankton and other small macrophytic-based prey
items whereas adults are less abundant on sand substrates (Jude et al. 1992; Jude and
Deboe 1996).

Round gobies may migrate to deeper water in winter (Miller 1986; as cited in Hirsch 1998).
Their diet consists of micro- and macroinvertebrates including amphipods, polychaetes,
chironomids, cladocerans, bivalve mollusks, and occasionally other small fish and fish eggs
(Jude et al. 1992). The Round Goby prefers shallow waters up to 3 m and they avoid
surf zones (Kornis et al. 2012). They are generally sedentary, with home ranges estimated
at just 5 to 6 m or so, however there is evidence (see below) that some gobies are capable of
fairly long-distance movements up to a couple km (Wolfe and Marsden 1998; Ray and
Corkum 2001). Commercial shipping, however, is the main culprit that influences in-lake

dispersal (Kornis et al. 2012).

Phillips et al. 2003 examined Round Goby habitat use in three tributaries to Lake Erie in
Pennsylvania. Habitat preferences were similar in each of the three streams (rocky areas
having moderate streamflow). An important observation was made. Smooth, shallow
bedrock areas in upstream portions of these streams were not used, presumably

because they contain fewer ledges and crevices than found in deeper, more open stream
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areas. Thus, shallow bedrock areas appear to act as barriers to colonization and further

upstream movement by round gobies.

Additional research on habitats used by round gobies have noted their ability to perch on
rocks and other substrates in shallow areas, yet flourish in a variety of habitat types that may
include open sandy areas where favorite prey items (aquatic macrophytes) are abundant
(Jude and DeBoe 1996; Clapp et al. 2001). This goby also has a well-developed sensory
system that enhances its ability to detect water movement. This allows round gobies to feed
in complete darkness, providing an advantage over other fish species in the same habitat
(Wisconsin Sea Grant 2008).

In a mark-recapture study of Round Goby in three Great Lakes tributaries, Ray and Corkum
2001 estimated fish densities, site fidelity and habitat preferences over time. Perhaps not
surprisingly, mean goby densities were highest in their St. Clair River site (the original area of
Round Goby colonization in North America), with lower densities of small gobies (< 5 cm) at
their Detroit River site near Peche Island (an area most recently colonized by round gobies).
However, the fairly high percentage (58%) of round gobies recaptured at or near study-site
release locations (Ray and Corkum 2001) indicated a strong tendency for site fidelity (for both
males and females) in rock-substrate habitats as opposed to sandy habitats, with adults most

active during the day than at night (likely an adaptation to avoid predation).

Wolfe and Marsden 1998 found similar site fidelity in a tagging study of 308 round gobies
they conducted in Lake Michigan. With the exception of a single fish caught by an angler 2
km from its release site, Wolfe and Marsden observed all tagged-fish recaptures within 67 m
of the tagging site. As for habitat preferences, Ray and Corkum 2001 found round gobies to
be more abundant in rock than in sand habitats, with younger age classes more prevalent
during daytime than at night (suggesting that large-sized gobies were in refugia during
daylight). Although gobies were somewhat common in sand substrates in the Ray and
Corkum study, they suggest that habitat complexity at rock substrates likely corresponds to
an increase in refuges (accounting for the higher densities found in rocky substrates).
Because juveniles seem to be more prevalent in sandy substrates, the authors hypothesized

that adults may displace juveniles into sub-optimal habitats.
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Discrepancies and apparent data conflicts were found among the reports of habitat
preferences cited by various authors included in our review. Such differences may be
reflective of local adaptations by different populations to specific habitats. However, and as
noted by others (Gutowsky and Fox 2012, Kornis et al. 2012, Thompson and Simon 2015),
the Round Goby exhibits high intraspecific variations in age and growth (local adaptations)
that are related to site specificity and factors such as density, food, predation, competition

and water quality.

Management Implications: The Round Goby shares several life-history characteristics
present in successful invasive species colonizers: a tolerance for a wide range of
environmental conditions, a broad diet, aggressive behavior, high fecundity, repeat spawning
capabilities within a season, cavity nesting for egg protection, nest guarding by males, and a
fairly large body size compared to species having a similar benthic lifestyle. These attributes
have allowed the Round Goby to quickly establish populations in all of the Great Lakes and

many of their tributaries. They pose a bona fide challenge for invasive species management.

The localized site fidelity of the Round Goby coupled with its preference for rocky, cobble
substrates and underwater structures indicate that transport and colonization risks can be
reduced or eliminated when these habitats are unavailable. Because smooth, bedrock-type
areas were found to act as a barrier to Round Goby colonization and upstream range
extension in one Lake Erie study, the addition of such streambed modifications (replica
structures) could serve to minimize goby presence downstream of waterway projects. Such
efforts may be costly and may present streambed engineering challenges. However, if
technologies such as electric fish barriers are considered for Round Goby deterrence at
Menasha Lock and other Fox River areas, these barriers should be effective deterrents and it

may be possible to include design modifications that discourage goby presence.

In summary, the likelihood that discharges from Menasha Lock will naturally exceed the poor
swimming abilities of larval round gobies, the strong preference of larval gobies to remain at
the bottom of the channel during daylight hours when the lock is operational, and the
preference of larval gobies to rise in the water column at night when there is no upstream
current and the lock is not operational should all act synergistically and counter to any

argument in support of juvenile transport at the lock. If an electric barrier is designed having
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the characteristics described in Savino et al. 2001, upstream movement by adult Round Goby

is also precluded.
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Potential for Warping and Arcing at Proposed Menasha Lock Electrical Barrier

INTRODUCTION

Fish are uniquely sensitive to electrical currents because their muscle control is based on electrical
impulses through their nervous system, and because they inhabit a conductive environment. Electrical
barriers and guidance systems make use of this sensitivity. Electrical barriers involve electrical current
passing from one submerged electrode (or series of electrodes) to another. When a fish is within the field,
they become part of the electrical circuit with some of the current flowing through its body. This induces
reactions ranging from behavioral modification to full tetany, depending on the strength of the current,
voltage gradient, and pulse duration and frequency they receive.

The proposed electrical barrier at Menasha Lock is what is referred to as a “bottom-mounted barrier.”
This is a bit of a misnomer because electrodes would be attached to the vertical side walls of the barrier as
well as the bottom. A bottom-mounted barrier allows boat traffic to proceed without obstacles while
halting migration of fish through the barrier. The question to be answered in this report is what happens to
the electrical field when a boat passes through the barrier? The answer depends on the size of the boat and
the material it is made out of. Three-dimensional modeling is used to model the distortion of the electrical
field in some of these situations.

ELECTRICAL FIELD BACKGROUND

In the absence of voltage electrical current does not flow. Electrical sources generate a voltage on a circuit
and cause electrons to flow in the circuit. How many electrons flow is dependent on the voltage on the
circuit and the total conductivity of the circuit. For example, a circuit with 10 volts (V) applied and a load
with a total conductivity of 1 siemen (S) would have 10 amps (A) of current flowing in it. If the same 10
V were applied to a circuit that had a total load conductivity of 0.0005 S, or 500 uS, then there would be
0.005 A, or 5 mA, flowing in it.

Circuits can be made up of many different types of conductors, loads and sources. In a fish barrier, the
sources are called pulse generators (or pulsers). The conductors are the wires and electrodes in the water,
and the load is the water and anything in the water.

Fish normally orient parallel to the flow of water with their heads into the flow. Electric fields oriented
parallel to flow are effective in stopping fish from moving upstream. The amount of electricity a fish
absorbs from the water depends on its length and its orientation in the water. Electric fields oriented in
other directions — i.e. perpendicular to flow or from the top of the water column to the bottom, do little to
affect fish behavior because fish spend little time oriented in these directions.

BOAT USE AT MENASHA LOCK

Prior to the closure of Menasha Lock, detailed records of boat lockages at Menasha Lock were not kept.
However, Smith-Root talked to the FRNSA Locks Manager Jim VanBoxtel who provided general
information about the boats that used the lock prior to the closure. In summary:

e Thelock is open mid-May to October 1.
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e The average usage is about 1500 boats per year.

e Ofthe 1500 boats, about 35% are metal (conductive) hull boats, and 65% are fiberglass (non-
conductive) hull boats.

e With the exception of work barges, the range of boat lengths is 14" to 32°.

e 75% of the boats that use the lock are 14°-18’ in length.

*  With the exception of work barges, most, if not all, of the boats longer than 18" are constructed of
fiberglass.

e Personal watercraft make up about 5% of all boats that use the lock. Of this 5%, about half are
self-propelled (canoe and kayak), and half are motored (jet ski or wave runner).

e The self-propelled personal watercraft currently have a path to portage around the lock when it is
closed.

In addition to the pleasure craft that use the lock, there are occasional lockages of work barges. Mr.
VanBoxtel said the DNR currently allows the work barges to use the locks up to 10 passes per year (one
direction is considered one pass). 2 days before each pass, DNR treats the lock with rotenone. Prior to the
lock closure, the usage of the lock by work barges was highly variable and depenedent on construction
needs. Sometimes there was no barge lockage for two years, and other times there were more than 10
lockages per year.

Tom Radtke, the owner and GM of Radtke Contracting in Wisconsin, gave Smith-Root details on their
work barges. In summary:

o They have 5 work barges.

o All 5 barges are made of steel.

e Four are used most often and are of nearly identical size: 32-ft wide by 115-ft long, 4-ft high (2-ft
draft and 2-ft freeboard).

e The fifth is less commonly used and is differently sized: 30-ft wide by 100-ft long, 6-ft high (4-ft
draft and 2-ft freeboard) - :

e They have two tug boats. One is 12-ft wide by 30-ft long, and the other is 16-ft wide by 45-ft
long.

e When the shorter, 30-ft tug boat is used, both boat and barge can fit into the lock together.

e When the longer, 45-ft tug boat is used, the barge and boat must go through the lock separately.
When that happens, the barge is pushed into the lock (regardless of direction) by the tug, and then
pulled out of the lock by workers on each side of the lock with 20-ft push poles.

e Other methods can be used by Radtke Contracting to move the barge out of the lock if needed,
such as use of paddles or a small motor.

WHEN A CONDUCTIVE BOAT ENTERS THE ELECTRICAL FIELD

When a large metallic object such as a boat or barge enters the electric field, it begins to attract the
electric field in the water as it crosses the first electrode. Metal is a conductor, and steel is over 200,000
times more conductive than the water at Menasha Lock, so a metallic hull is much more effective at
conducting electricity than water. While electricity will flow through all paths available, it shows a
preference for the path with the highest conductivity — also known as the path of least resistance. As the
metallic hull moves further into the barrier and across multiple electrodes, the strength of the electric
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current (in amperes) drawn from the pulse generators increases. This happens because the metallic hull
presents an easier path for electric current than does the water between the electrodes. The current
strength will continue to increase until the entire metal hull is over the barrier, and then as the hull begins
to leave the barrier the current strength will begin to decrease back to normal.

During this scenario, the voltage being supplied by the pulsers does not change. However, the electric
field near the metallic hull does. This is caused by the increase in electrical current flowing from an
electrode through the water to the metallic hull and then back through the water to the return electrode for
that pulse generator. The defining principle for this effect is Ohm’s Law: V=I*R, where V is voltage, [ is
current, and R is resistivity. Resistivity is the inverse of conductivity, so when conductivity increases the
resulting current also must increase in order to keep voltage constant.

The substantially increased conductivity of the metallic hull causes the orientation of the electric field in
the water to change direction as a metallic hull moves across the electrical barrier. The fields
perpendicular to the metallic hull increase in intensity, while the field parallel to the hull decreases in
intensity. Also, a steel hull that is over 200,000 times more conductive than the surrounding water creates
very little voltage change from one end of the hull to the other. As a result, the overall intensity of the
field with a metallic hull in the barrier is higher, but the direction of the electric field changes so that the
barrier is less effective in the immediate vicinity of the metallic hull while the boat is over the barrier.
This effect is shown in Figure 1, a plan view of the electric barrier with a theoretical metallic hull barge,
represented by the rectangle outline, in the center of the barrier. The colors represent the voltage in the
water at a depth of 4 feet below the surface and 1 foot below the bottom of the barge (which was given a
theoretical 3-ft draft in the model).
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Figure 1. Voltage map (plan view) at depth 4 ft below surface (8 ft above bottom) with theoretical 60-ft
by 20-ft metallic hull barge with a 3-ft draft.

The effect of the metallic hull on the electric field in the water decreases with distance from the hull. This
is a key point for a barrier that is operated to deter migration of Round Goby, which migrate within 30 cm
(0.98 ft) of the bottom of a channel. In the Menasha Lock barrier, the effect of the metallic hull with a 3-ft
draft is abated a few feet below the bottom of the hull. Figure 2 shows the voltage potentials returning to
normal at a depth of 5 feet above the floor (left, 4 feet below the hull) and unaffected at a depth of 2 feet
above the barrier floor (right, 7 feet below the hull). As mentioned previously in this report, the work
barges that typically use the Menasha Lock have a 2-ft draft.
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Figure 2. Voltage map (plan view) at a) depth 7 ft below surface (5 ft above bottom) and b) depth 10 feet
below surface (2 ft above bottom) with theoretical 60-ft by 20-ft metallic hull barge with 3-ft draft.

The larger the hull, the greater one can expect the effect to be. Small aluminum fishing boats have little
effect on the overall field of the barrier, but the effect increases with the size of the boat. For example,
metal-hulled boats that draft 2 or more feet of water will have a larger effect than those that draft 2 feet or
less. Similarly, a 24-ft metal-hulled boat will have a larger effect than a 16-ft metal-hulled boat. Another
factor to consider is the proposed electric barrier includes electrodes running up the sides of the vertical
walls. Boats with metal hulls should try to motor through the center of the barrier, as the closer a metallic
hull is to the electrodes, the more the hull will affect the electric field. The magnitude of the effect a
metallic hull has on a barrier depends on the size of the hull and the distance of the boat from the
electrodes on the bottom or the vertical walls of the barrier.

WHEN A NON-CONDUCTIVE BOAT ENTERS THE ELECTRICAL FIELD

When a non-conductive boat enters the electrical field, the boat hull itself does not draw the electrical
current as a conductive hull does. Essentially, the boat hull becomes a “void” in the electrical field that is
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inaccessible to fish because of the solid hull. After the boat passes any point within the barrier, the
electrical field returns to normal nearly instantly. The presence of a metal propeller or small metal
appurtenance (such as a fish finder transducer) may have a very minor local effect on the field that is not
expected to create an opportunity for a fish to avoid the deterrent electrical field.

Through volume displacement, a non-conductive boat passing through an electrical barrier raises the
water elevation. Large increases in water elevation can alter barrier effectiveness. However, the rise in
water elevation due to volume displacement from a single boat accessing the Menasha Lock is expected
to be so miniscule as to be immeasurable, with an equally immeasurable impact on the electrical field.

SUGGESTED SAFETY REQUIREMENTS FOR BOATS CROSSING THE BARRIER

Electrical arcing can occur when two disconnected objects or surfaces at different voltage potentials are
connected by a conductive object. In the case of a pulsed DC electrical barrier, current will flow from the
object with the higher voltage potential to that with the lower potential.

The combination of voltage and current that would be used for the Menasha Lock barrier, along with the
selected waveform, is not an inherently dangerous electrical pulse to healthy humans. However, measures
should be taken to eliminate the potential for electrical arcing due to unknown effects to people with heart
conditions or pacemakers. In addition, measures should be taken to minimize the potential for people
falling into or swimming in the electrical barrier without US Coast Guard-approved personal flotation
devices. Physical safety measures such as rub rails, hand rails and fences, etc. will be included in the
engineering design of the electrical barrier at Menasha Lock. Policies can also provide further measures
of protection; some suggestions for boating policy at the electrical barrier follow:

o People may remain in boats as they cross the electrical barrier as long as they wear a USCG
approved PFD.

e  While crossing the electrical barrier, people should keep their arms and legs inside the boat and
do not contact the water.

e Do not touch the concrete or ground beside the barrier while in or on a boat in the barrier.

e Do not attempt to get on or off a boat in the barrier.

e No metal paddles in the water.

e All metal in contact with the water must be securely bonded to the boat.

e No swimming.

e No fishing (fishing in an active electrical barrier would be a fruitless exercise).

e No craft that encourage limbs in the water, such as inner tubes, paddle boards, and petal boats.

e No metal canoes.

* We strongly recommend no plastic, PVC, rubber, or fiberglass (non-conductive) personal
watercraft that can be easily capsized, such as canoes or kayaks.

* No cables or chains in the barrier. The only exceptions commercial barges and tugs where metal
cables will reduce sparks between the barge and the tug. No cable or chains hanging off barges
or tugs into the water.

¢ No anchoring.
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e Use only polyrope while in the barrier and only if absolutely necessary. Wear heavy rubber
gloves with no holes while handling ropes in the barrier. Wet polyrope can conduct electricity.

CONCLUSION

There is a potential for “warping” of the electrical field when metallic hull boats enter the barrier. The
impact of the boat on the field — and thus the barrier effectiveness — is dependent on the size of the boat.
Most metal-hulled boats that use the Menasha Lock are 18-ft in length or shorter. These types of boats
have little to no effect on the operation of the barrier. Non-metallic hulled boats (plastic or fiberglass)
have little impact on the effectiveness of the electric barrier, regardless of their length.

Occasionally, large, metal-hulled work barges utilize the Menasha Lock. The barges can currently use the
lock under a DNR-approved rotenone treatment program that requires two days of treatment prior to a
lockage. Computer simulations indicate that large work barges have the potential for making the voltage
gradient equipotential in the immediate vicinity of the barge hull. This means the field would not be
effective in deterring a fish that is moving through the barrier alongside and immediately adjacent to the
barge. As a fish moves farther away from the barge, the voltage gradient increases. The bottom several
feet of the barrier is likely to be unaffected by the passing of a metal-hulled barge above. Round Goby
exclusively move along the substrate of a waterbody, utilizing the bottom one foot or less of the water
column. Hence it is very likely that allowing barge traffic in the electric barrier would have no negative
effect on the deterrence of Round Goby. Further study would need to be conducted to determine the risk
of not deterring fish that move higher in the water column when a metal-hulled barge moves through the

barrier.

Because of the inherent difference in voltage potential in an electric barrier, there is an opportunity for
electrical arcing when a conductive object connects the two potentials. The resulting arc is not dangerous
to a healthy human, but it should be a priority to reduce the opportunity of an arc occurring to the greatest
extent possible. Physical design elements, incorporated in system design and construction, can be
combined with operational and policy elements to reduce or even eliminate the opportunities for arcing to
occur at the barrier.
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Barrier System Response to Changes in Water Quality

INTRODUCTION

Water quality is an important factor in electrofishing and in deterrence of fish. Of water quality
parameters, the parameter that has the highest impact on effectiveness of using electricity in water is
conductivity (also referred to as specific conductance). The ease of collecting “spot measurements” of
water conductivity is fairly high, and as a result there are multiple data sets of repeat collections of water
conductivity at specific locations throughout the Fox River.

Cursory inspection of the water conductivity data reveals that water conductivity in the Fox River is
highly variable. The variability of this water quality parameter can, in turn, affect the efficacy of in-water
electrical fields, such as the proposed electrical fish deterrent system at Menasha Lock. The issue of how
an electrical barrier is affected by changing water conductivity is addressed in detail in this report.

OHM’S LAW AND POWER TRANSFER THEORY

Documentation of the use of electricity to capture fish can be found as far back as a British patent granted
to Ishan Baggs. The earliest known research conducted on the effectiveness of fishing with electricity was
after World War I (McMillan 1928). The science of inducing behavioral response in fish using electricity

was advanced in the 1950’s and 1960’s, culminating in the important text book “Fishing with electricity”

(Vibert 1967).

The basic principle of how power is distributed in an electrical barrier is described by Ohm’s Law, which
states that the current through a conductor between two points is directly proportional to the voltage
across the two points. The expression of Ohm’s Law is [ = V / R where I is current, V is voltage, and R is
resistance. In an electrical barrier, resistance is provided by the water between two electrodes. Water
conductivity is an expression of the water’s capability to pass electrical current. The equation for
resistance is R = d/ (c*A), where d is length of material, ¢ is conductivity, and A is cross-sectional area.
When length and area are held constant, an increase in water conductivity decreases the resistance of the
water. Taking this relationship back to Ohm’s Law, when voltage is held constant, a decrease in
resistance of water will increase the current in the circuit. These two equations are essential in predicting
what will occur when the water conductivity in an electrical barrier increases or decreases.

In 1989, a paper on power transfer theory (Kolz 1989) led to a sharp increase in electrofishing efficiency.
This concept is also the basis for the operation of electrical deterrence and guidance systems. Power
transfer theory, in short, is the concept that the power transferred to a fish is a function of the ratio
between the conductivity of the water and the conductivity of the fish. As the difference between the
relative conductivities increases, the efficiency of the system decreases. Thus power needs to be adjusted
as a function of conductivity. Power, with the typical unit of watts, is simply the product of current (in
units of amps) and voltage (in units of volts).

In the case of an electrical barrier, a target voltage gradient is prescribed for an area, and electrical power,
with characteristics of voltage and current, is delivered to the electrodes to generate the prescribed
electrical field. The power needed to deliver this prescribed voltage gradient is dependent on the water
conductivity. When conductivity changes, the power needed to maintain the prescribed voltage gradient
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changes by a known factor. An excellent discussion of the science behind this relationship can be found in

a blog post by Dr. Jan Dean (2016). The curve in Figure 1 is taken from this blog post. The curve shows

maximum efficiency around 115 pS/cm, which is the accepted average conductivity of a fish (Miranda

2009). When water conductivity is higher than 115 uS/cm, more power output is needed to maintain the

prescribed voltage gradient. This is accomplished by increasing the current, measured in amps, of the

output.
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Figure 1. Electrofishing power output goal as a function of water conductivity (Dean 2016).

WATER CONDUCTIVITY AT MENASHA LOCK

Smith-Root gathered previously-collected water quality data from several sources near the Menasha

Lock. The summarized information for the two nearest sources is given in Table 1.

Table 1. Water quality data collection stations and sources near Menasha Lock.

Station Source Gauge Start Date | End Date | N Min Sp. | Max Mean
No. Name Cond. Sp. Sp.
Cond Cond.
pS/em uS/ecm | uS/cm
04084422 USGS Little Lake | 10/18/1989 | 11/17/1992 9 306 404 358
Butte Des
Morts at
Menasha,
Wl
713002 | Wisconsin | Fox River | 3/30/2015 | 3/28/2018 49 317 513 402
DNR — Lake
Winnebago
Outlet
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The DNR data set has been collected regularly since March 2015 at Fritze Park. The proximity of this
data set and the recent and ongoing collection dates make it the most relevant data set for monitoring
water conductivity at Menasha Lock. A statistical analysis of the 49 measurements at this station returns a
mean conductivity of 402 uS/cm with a standard deviation of 41.6. The range of collected values is
almost 200 uS/cm, with a minimum observed value of 317 and a maximum observed value of 513 pS/cm.

The range of values is rather large. Simulations, to be described later in this document, evaluated water
conductivities +/- 3 standard deviations from the mean, 277 and 527 uS/cm, which is expected to
encompass 99.7% of the observed water conductivity at Menasha Lock. An additional simulation with
environmental water conductivity of 600 uS/cm is also evaluated.

SMITH-ROOT BP-1.5 POW PULSE GENERATORS

Smith-Root BP-1.5 POW pulse generators are designed to deliver a pulsed DC current to the water
column at a constant, prescribed voltage. In order to maintain this voltage, the output power needs to be
adjusted to the environmental water conductivity in the barrier vicinity. This is achieved through a
continuous feedback loop that adjusts output current as a function of water conductivity, maintaining the
output voltage constant.

While the BP-1.5 POW pulse generators can operate independently, they are typically connected to a fish
barrier telemetry and control system (FBTCS) that compiles the input and output of each pulse generator
connected to the system and provides a remote or on-site user interface. In addition, the FBTCS is capable
of integrating outside monitoring data, such as a water conductivity meter or water level sensor, and can
automatically send instructions to the pulse generators when user-defined thresholds are met.

SENSITIVITY ANALYSIS

Using a general purpose finite element analysis software, COMSOL Multiphysics, Smith-Root conducted
a sensitivity analysis of a potential Menasha Lock electrical field and, holding constant all other factors,
evaluated the required power output at several water conductivities.

The result of the voltage gradient as a function of water depth is shown in Figure 2. The distance in the
table is in units of feet below the water surface; the purple line is at the bottom of the barrier and the dark
blue line is at the water surface. Because the power output from the BP-1.5 POW pulse generators hold
voltage output constant, the results of this graph do not change with water conductivity.
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Figure 2. Characteristic COMSOL model output for Menasha Lock with multiple water conductivities.

While output voltage is constant, output current and power change as environmental water conductivity
changes. This relationship is predicted by Ohm’s Law, and the model output shows a generally linear
relationship between conductivity, current and power, as is expected. The results are presented in Table 2.

Table 2. COMSOL model output for Menasha Lock barrier at various simulated water conductivities.

‘Simulated water | Peak output | Peak output | Qutput power at | Qutput power at
conductivity voltage current 100% duty cycle 5% duty cycle
(uS/em) Volts (V) Amps (A) Watts (W) Watts (W)
277 uS/em 900 266.7 36,781 1,839.1
402 puS/em 900 3274 53,093 2,654.7
527 uS/ecm 900 428.0 69,404 3,470.2
600 pS/cm 900 486.8 78,928 3,946.4
CONCLUSION

The conductivity component of water quality in Little Lake Butte Des Morts is relatively inconstant, thus
the question of how an electrical barrier can handle a conductivity range of more than 200 puS/cm is
certainly relevant. Ohm’s Law and the power transfer theory describes how the electrical pulse, generated
by the Smith-Root pulse generators, is distributed in the water within the electrical barrier and
subsequently to fish that enter the barrier. In general, an increase in conductivity results in the pulse
generators automatically increasing the output power in order to maintain the constant voltage in the
electrical barrier. When the ambient conductivity always exceeds 115 pS/cm, as does the water of Little
Lake Butte Des Morts, the limiting factor then becomes high values of conductivity. Thus, an electrical
barrier system at the Menasha should be designed to function with the highest anticipated water
conductivity in Little Lake Butte Des Morts. This maximum value of anticipated water conductivity is a
variable that will be confirmed with Wisconsin DNR prior to the completion of system design.

4 DRAFT - Barrier System Response to Changes in Water Quality

5/7/2018



REFERENCES

Dean, J. 2016. Blog post: Power transfer theory of electrofishing, in a nutshell.
(http://electrofishing.net/2016/03/04/power-transfer-theory-of-electrofishing-in-a-nutshell/

Kolz, A.L. 1989. A power transfer theory for electrofishing. U.S. Fish and Wildlife Service Technical
Report 22:1-11.

McMillan, F.O. 1928. Electric fish screen. U.S. Bureau of Fisheries Bulletin 44:97-128.

Miranda, L.E. 2009. Standardizing electrofishing power for boat electrofishing. Pages 223-230 in
S.A. Bonar, W.A. Hubert and D.W. Willis, editors. Standard methods for sampling North
American freshwater fishes. American Fisheries Society, Bethesda, Maryland.

Vibert, R., ed. 1967. Fishing with electricity, its application to biology and management, Oxford,
UK: Fishing News Books.

5 DRAFT - Barrier System Response to Changes in Water Quality 5/7/2018






Scale and Effectiveness Validation of Electrical Barriers in Service

More than 70 Smith-Root-designed electrical barriers and guidance systems have been installed across the
globe. Use of electricity to guide and block fish is not a new concept; alternating current (AC) barriers
have been used since the 1930’s and are still in use in some small rivers and streams today. The first
generation of Smith-Root electrical barriers in the late 1980°s built upon the principles of electrofishing
and utilized safe and economical levels of pulsed direct current (DC).

Smith-Root electric barrier are custom-designed for each situation and, as such, includes a wide variety of
barrier geometries, waveforms, and field strengths. For example, power output can vary from 30 W (at the
Lake Seminole Fish Pond drain barrier in Georgia) to 3.85 MW at the three combined barriers in the
Chicago Sanitary and Ship Canal in Illinois. In short, the objective of each barrier and gnidance system is
what drives the system design.

Appendix 1 presents the 44 electric barriers and guidance systems Smith-Root has designed and installed
since 1999. The owners of many of these facilities elect to have Smith-Root conduct annual (or more
frequent) maintenance inspections, which include verification of the electrical field in the facility,
electrical tests of the pulse generators, and other facility inspection duties. These return visits to active
facilities give Smith-Root the opportunity to assess the ongoing effectiveness of the electric field. The
field measurements for three of these barriers are given in Figures 1 through 3. The figures demonstrate
the consistency of the electrical field strength within the barrier over time. While water quality
characteristics and depth are variable, the pulse generators are able to adjust to these external factors and
maintain minimum voltage gradients in varying conditions. Further discussion of the mechanisms for
maintaining voltage gradients in variable conditions is presented in separate report in this series.
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Figure 1. Measured voltage gradient at nine locations within and outside of the CLECO 1 electrical
barrier in St. Landry, Louisiana.
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Figure 2. Measured voltage gradient at nine locations within and outside of the Kjeldal Lock/Telemark
Canal electrical barrier in Telemark County, Norway.
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Figure 3. Measured voltage gradient at four locations within and outside of the Little Sioux River
Watershed “1C” barrier near Worthington, Minnesota.

We also summarize several studies that have been conducted on installed fish barriers. All of the barriers
studied are still in operation and effectively deterring upstream migration of fish.

Case Study 1 — Bottom-Mounted Electric Barrier to Deter/Guide Upstream-Moving Fish in a
Hydropower Tailrace

Location — Geneva, Switzerland

Year of study — 2008

The effectiveness of a hydropower, tailrace electric barrier was evaluated in a technical report for a power
generation facility at Vessy (near Geneva), Switzerland by GREN Biologie (2009). The electric
deterrence array was installed in 2008, in the tailrace of this twin-turbine, annual 3 GWh hydroelectric
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generating station owned by Centrale Hydroelectrique de Vessy (Figure 4). During October 2008, 339
brown trout were brand-marked and released downstream of the barrier in an attempt to assess the electric
barrier’s efficiency at preventing fish movements into the powerhouse. The consultant’s technical report
(in French) was translated and approved by the power authority. Key points from their report include the
following results:

“The fish, which moved upstream using a migration route situated along the left bank, did not enter the
tailrace and were effectively guided along the bed of the River Arve. In fact, whether these fish were fall
trout or spring barbels, a comparison of fish actually present in the tailrace to the catch in the traps of both
fishways shows that the electric barrier played its role perfectly and migrating spawners did not have a
propensity to wander (at a higher rate) into the tailrace.”

“None of the 339 brand-marked trout put into water of the River Arve in mid-October 2008 ... just
downstream of the plant ... were found in the tailrace one month later, while in this interval 16 of the
brand-marked trout were passed by the two fishways. These results confirmed that the electric barrier
demonstrated good efficiency in helping to move branded trout upstream and that none ended up
becoming trapped at the foot of the hydroelectric plant.”

“Despite the capacity of the tailrace to provide fish habitat, very few fish were found during
electrofishing. The effectiveness of the electric barrier system explains the insignificant presence of fish
observed in the tailrace compared to the much higher fish numbers found in the River Arve at a point
directly proximal to the hydropower station.”

-
= .

Figure 4. The tailrace electrical deterrence array at the Vessy (Switzerland) hydroelectric

power plant. A series of seven electrode cables can be seen housed within the special, non-
conductive concrete slab that was installed to run across the river bottom from left to right

bank, thus providing full deterrence capabilities across the entire stream without being

affected by floating debris. The barrier successfully deterred fish from moving upstream from

the River Arve into the tailrace and powerhouse. Case
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Study 2 — Deterrence/Guidance of Upstream-Moving Anadromous Fish at a Fvdropower Tunnel QOutlet

Location — Helle, Norway

Year of study — 2014

In 2013, a Smith-Root designed vertical electrode barrier system was installed at the outlet of the power
tunnel at the Rygene Power Plant on Nidelva (River Nid) in southern Norway (Figure 5). The purpose of
the barrier was to deter upstream-migrating Atlantic salmon and sea trout from migrating up the power
tunnel in favor of continuing up Nidelva to the fish ladder at Rygene Dam. When operation of the barrier
began in 2014, the power plant owner commissioned a study of the effectiveness of the barrier. The study
authors installed video cameras inside the power tunnel immediately upstream of the barrier, and in the
fish ladder at Rygene Dam. A comparison of the numbers of fish that passed the cameras at the two
locations was made to determine the efficiency of the electric barrier.

During the 131-day study period in 2014, a total of 10 migratory fish passed the cameras inside the power
tunnel. This represents 0.7% of the total anadromous run that year, leading to a 99.3% efficiency rate for
the electric barrier. The study authors concluded “the electric fish barrier therefore functioned as

intended” in 2014.

While 100% deterrence wasn’t achieved at this location, it is important to note that 100% deterrence was
not the objective of the system. The objective of the system was to create a substantial reduction in the
number of misdirected anadromous fish. The tunnel exit is logistically a difficult location, requiring
construction directly into a bedrock outcrop. The maximum length of the barrier (from downstream to
upstream parallel with the outlet flow) is about 5 m, and the Atlantic salmon in Nidelva can grow to
lengths of 1 m, for a barrier length to body length ratio of 5:1. In contrast, the barrier length to body
length for the proposed Round Goby barrier at the Menasha Lock is around 100:1. This difference reflects
the difference in the objective of the barrier — the objective of the Nidelva barrier is to substantially
reduce upstream passage in the tunnel, while the objective of the Menasha Lock barrier is to prevent all

upstream passage.
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Figure 5. The electrical barrier at the outlet of the Rygene Power Plant power tunnel on Nidelva in
southern Norway. Three vertical rows of electrode cables are affixed to the overhead steel structure
and the tunnel floor, presenting the electrical deterrent field uniformly at all depths in the water
column. The barrier has been demonstrated to successfully deter anadromous fish from migrating
upstream in the power tunnel, allowing them to continue their upstream migration in the river channel.

Case Study 3 — Deterrence of Upstream-Moving Fish in the Chicago Sanitary and Ship Canal

Location — Romeoville, Illinois
Year of study — 2004

The world’s largest electric fish barrier system was first installed in the Chicago Sanitary and Ship Canal
in the early 2000’s (Figure 6). This Canal is 60 m wide and up to 9 m in depth, having water velocities up
to 0.8 m/s and reverse flows of about 0.3 m/s. There are presently three, bottom-mounted electrode arrays
installed in the Canal (each spanning its full width and depth) with plans to add a fourth in the near future.
The project’s goal is to ensure that invasive carp species do not reach or colonize the Great Lakes. Post-
installation studies of barrier effectiveness used common carp species as surrogates. Of the 130 tagged
and released downstream of the original demonstration barrier, only one transmitter was located upstream
of the barrier during the study; a single transmitter that never changed position, suggesting a dead fish
swept upstream by a passing barge.
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Demonstration Barrier Control Building
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Figure 6. Schematic of a portion of the electrical barriers in the Chicago Sanitary and Ship
Canal near Chicago, [llinois. These barriers are the “last line of defense” against Asian carp,
present in the canal and the Des Plains River, establishing a population in the Great Lakes.
Since the installation of the first barrier in the canal in 2002, Asian Carp have not advanced
their population beyond this series of barriers.

Other Findings: A host of additional published studies and reports have evaluated the effectiveness of
electric barriers in either blocking or guiding the movements of fish for various resource management-
related needs. Several are annotated here for possible future examination and reference:

e Maceina et al. 1999 (Grass Carp Containment Goal): “After the electric barrier was in place, no
verified escapes occurred.”

o Swink 1999 (sea Lamprey Blockage Goal): “No unmarked and none of the 1,194 tagged sea
lamprey were found above the electric barrier.”

e Savino et al. 2001 (Downstream Guidance Evaluation): “The only marked Round Goby found
below the electric barrier were dead.”

e Verrill and Berry 1995 (Invasive Carp Blockage Goal): “None of 1,600 tagged fish were among
the 3,367 examined above the barrier.”
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APPENDIX
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Abstract.—An electrical barrier was chosen as a possible means to deter movement of round goby
Neogobius melanostomus. Feasibility studies in a 2.1-m donut-shaped tank determined the electrical
parameters necessary to inhibit round goby from crossing the 1-m stretch of the benthic, electrical
barrier. Increasing electrical pulse duration and voltage increased effectiveness of the barrier in
deterring round goby movement through the barrier. Differences in activity of round goby during
daytime and nocturnal tests did not change the effectiveness of the barrier. In field verification
studies, an electrical barrier was placed between two blocking nets in the Shiawassee River, Michi-
gan. The barrier consisted of a 6-m wide canvas on which were laid four cables carrying the elec-
trical current. Seven experiments were conducted, wherein 25 latex paint-marked round goby were
introduced upstream of the electrical barrier and recovered 24 h later upstream, on, and down-
stream of the barrier. During control studies, round goby moved across the barrier within 20 min
from release upstream. With the barrier on and using the prescribed electrical settings shown to
inhibit passage in the laborarory, the only marked round goby found below the barrier were dead.
At reduced pulse durations, a few round goby (mean oneftest) were found alive, but debilitated,
below the barrier. The electrical barrier could be incorporated as part of a program in reducing

movement of adult round goby through arrificial connections between watersheds.

The round goby Neogobius melanostomus is a Great
Lakes nonindigenous fish that was first recorded in
the St. Clair River in 1990 (Crossman et al. 1992;
Jude et al. 1992). Round goby are small, benthic fish
that generally prefer cobble/rock or macrophyte-
dominated substrate (Jude and DeBoe 1996). Round
goby are primarily benthivores, usually eating mol-
luscs, aquatic insects, and other aquatic inverte-
brates (Jude et al. 1995, French and Jude in press).
The zebra mussel Dreissena polymorpha, another
nonnative species that has colonized throughout the
Great Lakes, provides a ready and plentiful food
source. Consequently, round goby have moved
quickly throughout the Great Lakes region
(Charlebois et al. 1997). They have now entered the
Illinois Water System, Chicago, [llinois, an artificial
connection betweén Lake Michigan and the Missis-
sippi River drainage, and are moving inland from

Lake Michigan (Charlebois et al. 1997).

Sorme evidence suggests that round goby could
compete with or displace native fish (Jude et al.
1995; Janssen and Jude in press). Round goby
observed in the laboratory were extremely aggres-
sive and can directly displace mottled sculpin Cot-
tus bairdi (Dubs and Corkum 1996}, Populations of
mottled sculpin and logperch Percina caprodes have
declined dramatically in areas colonized by round
goby (Jude et al. 1995), possibly from competition
for space or food or disruption of spawning. Entry of
round goby into the Illinois Waterway System
could threaten many other native species particu-
larly as this introduced species enters the Mississip-
pi River drainage (Charlebois et al. 1997). Zebta
mussels entered the Mississippi River through this
connection with major economic and ecological
consequences (Miller and Payne 1997; Morton
1997), and therefore, management agencies are
interested in deterring further introductions of
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nonindigenous species through this connection
(Charlebois et al. 1997).

Although most nonindigenous introductions
of fishes have occurred through other methods
(primarily stocking, bait release, and aquarium
release), the spread of these fish into neighboring
waterways has been enhanced via artificial con-
nections (irrigation and boat canals) (Fuller et al.
1999). In some cases, fish native to the United
States (such as blacktail shiner Cyprinella venusta,
brassy minnow Hybognathus hankinsoni, comely
shiner Notropis amoenus, brindled madtom Noturus
miurus, flathead catfish Pylodictis olivaris, Atlantic
needlefish Strongylura maring, and white perch
Morone americana) have expanded their range
through canal systems (Fuller et al. 1999). A num-
ber of clupeids (blueback herring Alosa aestivalis,
skipjack herring Alosa chrysochloris, alewife Alosa
pseudoharengus, and gizzard shad Dorosoma cepedi-
anum) have entered the Great Lakes through a
variety of canals (Fuller et al. 1999). To prevent
further expansions of fish populations through
canal systems, methods need to be developed to
prevent movement of fish (native or nonnative to
the United States) in either direction within these
unnatutal connections between watersheds.

Among possible control alternatives in the
Chicago Waterway, the U.S. Army Corps of Engi-
neers and U.S. Fish and Wildlife Service concluded
that an electrical barrier would be most feasible and
effective in the first part of an integrative approach
to preventing fish movement through an artificial
connection between watersheds (Keppner and The-
riot 1997). Unfortunately, round goby have now
moved beyond the original barrier site in this case,
but managers are still interested in developing a test
barrier to prevent additional fish movement through
the site and will use information on round goby in
determining their overall management scheme.
Researchers and managers acknowledge that any
one program ot method is unlikely to be 100% effec-
tive in preventing fish movement through a canal,
but even slowing down the migration of nonindige-
nous fish could have strong economic benefits. A
first step in the management program would be to
develop a barrier that would prevent a large majori-
ty of fish from crossing. Through time, additional
methods to complement the original barrier would
increase the likelihood of preventing fish movement
through the canal. Such barriers would have global
applications wherever canals have connected previ-
ously separate watersheds.

Electrical batriers have been used to guide fish
into specific areas. For example, chinook salmon
Oncorhynchus tshawytscha were guided into traps for
assessments (Palmisano and Burger 1988). Electri-
cal barriers can prevent fish (such as sea lamprey
Petromyzon marinus) from moving upstream against
the current—they can be stunned and float down-
stream from the area of concern (Swink 1999).
However, little is known about round goby migra-
tion and behavioral responses to electrical barriers
(Charlebois et al. 1997). As round goby are a cut-
rent nonindigenous species of interest, our objec-
tive was to determine whether a benthic, electrical
barrier could be effective in deterring passage of
round goby through a waterway. We used a series of
laboratory tests to quickly determine appropriate
electrical settings that affected round goby behav-
ior and a set of field tests to verify laboratory results
over a longer time period and in a larger and more
open setting.

Methods
Laboratory Study

Round goby were collected from the St. Clair River
using hook and line. They were held in well aerat-
ed, oval (190 L) tanks with a flow-through, well-
water system (12°C) on a 12 h ligh:12 h dark
cycle. Conductivity was 1030 uS. Round goby were
fed an alternating diet of zebra mussels and rainbow
trout Oncorhynchus mykiss eggs. Shelters such as
PVC pipe were placed in each tank to prov1de
cover; tanks were shaded.

In pilot studies, round goby did not move in
shallow, long tanks or in still water as they appar-
ently reacted to movement by researchers setting up
or observing a test. Therefore, a deeper tank with a
more disturbed water surface was used for testing.
Laboratory studies were conducted in a donut-
shaped tank (2.1-m outer diameter, 0.9-m inner
diameter, 0.9-m deep), lined with black plastic (Fig-
ure 1}. The test tank had a water flow-through sys-
tem to maintain water temperatures (12°C). An
electric outhoard motor placed in the tank was used
to generate low (about 0.1-0.3 m/s) flow rates over
the electrodes. A screen placed in front of the
motor prevented round goby from moving in an
upstream direction.

A benthic, electrical barrier developed by
Smith-Root, Inc. was placed opposite the motor in
the tank. Three electrodes were positioned parallel
to each other; each electrode was placed along the
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2.1- m diameter
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Figure 1. Diagram of laboratory test tank with
location of electrodes, electric outboard motor,
baffle, and initial placement of round goby.

inside walls and bottom of the tank. Each electrode
could be controlled independently to provide a
gradual or a sharp gradient of electricity. The gra-
dient of the electrical field was mapped using volt-
age merers (EFP-2 Electric Field Probe by Smith-
Root, Inc.; reference to trade names or manufac-
turer’s does not imply U.S. Government endorse-
ment). This barrier provided electrical current to
the total water column. We did not test voltages
greater than 100 V because members of the Chica-
go Sanitary and Ship Canal Aquatic Nuisance
Species Dispersal Barrier Advisory Panel recom-
mended that voltages applied to the barrier remain
as low as possible and should not exceed 100 V to
minimize potential for human injury in instances of
accidental immersion near the barrier.

In canal systems, we would like to prevent
movement of species downstream as well as
upstream. As downstream barriers may be more dif-
ficult to achieve, we used the more conservative
approach and released round goby upstream of the
barrier. To start a test, a group of five round goby
was measured (nearest mm, total length, TL) then
released in front of the screen (in front of the
motot). A video camera positioned above the elec-
trodes filmed the behavior of round goby for the
120-min long test. Generally, if fish had adapted to
test conditions in pilot studies they moved within
the first 2 h of viewing. No food was available in
the test chamber. Tanks were checked about three
times an hour; round goby that were stunned on an
electrode were removed. At the end of 2 h, round
goby were removed and placed in another holding
tank. At least two sets of five round goby were test-

ed for each set of electrical parameters and controls
(no electrical current). Naive (untested) round
goby were used unless otherwise noted.

Behaviors were analyzed by observing the
videotapes. The number of attempts and successes
by round goby in crossing each active electrode was
recorded. Repels were defined as a round goby
approaching (entering camera’s field-of-view) or
crossing an electrode, turning, and moving baclk
out of the field-of-view. Round goby that success-
fully crossed the electrical barrier were termed ‘pass
throughs.’ Stuns were round goby that stayed in the
electrical field until they rolled over and floated
downstream or were removed. We removed all
stunned fish during their occurrence in the test
rather than allow them to remain in the electrical
field until death.

To determine if changes in nocturnal activity
changed repel rate of round goby, a set of tests was
run under dark conditions. The lighting schedule
of round goby in holding tanks was altered for at
least 2 weeks before testing such that the 12-h dark
cycle occurred from 6:00 a.m. to 6:00 p.m. A night
vision scope (American Eagle Miniature Pock-
etscope, model 603 C, Night Vision Equipment
Company) was attached to the video camera. This
device allowed viewing of round goby under low-
light conditions (<0.001 pmol s* m?), but also
reduced the field of view of the camera by about
one-third. As we had observed that most round
goby traversed the barrier along the outside wall,
we focused the video camera on the area between
the first and second electrode along the outer wall.

To efficiently determine what factors were
most important in causing a response in round
goby, we set up a series of tests. Because round goby
often appear to demonstrate erratic behavior, we
needed to first determine if we could observe dif-
ferences in behavior with and without an electrical
field present. We also wanted to know if fish
retained knowledge of the electrical field and
therefore compared responses of naive controls to
experienced controls (tested previously in electri-
cal fields). Other variables tested included water
velocity (0.1-0.3 m/s), pulse frequency (0, 2-30
Hz), pulse duration (0, 0.05-5 ms), voltage (0, 70,
100 V), and day or night responses. A complete
matrix of tests with all possible combinations of
variables would have yielded an unreasonable
number of tests to complete. Therefore we grouped
variables in a series of tests and provided separate
analyses for each of these series.
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The number of repels-to-attempts ratio was
analyzed with the odds ratio statistic generated in a
binary logistic regression model (Proc Logistic,
SAS 1995). The odds ratio was computed by expo-
nentiating the slope of the regression model. The
odds ratio in this study described the change in
odds of repelling based on a test variable. If signifi-
cant, the odds of repelling increase by the generat-
ed odds ratio for each unit increase in the test vari-
able. Because we could not determine which
attempts were conducted by different individuals in
a group of round goby, we measured the total num-
ber of repels and the total number of attempts per
test {or group of fish). Generally, the logistic analy-
ses sum attempts among replicates. However, to
avoid biasing our results with replicates with more
active fish, we determined the average number
(rather than the total number) of repels and
attempts among replicates in each treatment for
use in the model. This procedure provides a more
accurate measure of the ratio of repels-to-attempts
but reduces sample size of attempts used in the
model. Analysis of variance (ANOVA) was used to
compare differences in number of attempts to cross
the electrical barrier and the total lengths of round
goby used in each set of tests.

Field Study

After developing appropriate settings for the elec-
trical barriers, small-scale field studies were devel-
oped to test the effectiveness of the electrical bar-
rier under field conditions. A test site was selected
on the Shiawassee River, near Argentine, Michi-
gan. The stream section used was about 20 m across
and 0.5-1.0 m deep with a sand bottom and occa-
sional macrophyte beds. The bank was well defined
in a straight section more than 20 m long. Tests
were conducted during 20 August 1998-9 Septem-
ber 1998 when water temperatures ranged from 21
to 25°C, dissolved oxygen ranged 10.2-13.7 mg/L,
and conductivity was 570 uS. Water depths over
the barrier were initially about 45 cm (20 August
1998 through 31 August 1998) then dropped rap-
idly to about 15 c¢m depth (2 September 1998
through 9 September 1998). Water velocity
(0.3-0.5 cmfs, range) was slow directly upstream
and downstream of the barrier.

The electrical barrier consisted of four braid-
ed-wire cables as electrodes, secured to a canvass
sheet (about 6 m wide), evenly spaced and parallel
to each other along the length of the canvass (at
least 22 m long). The canvass was placed across the

width of the stream and up each bank. One end
was attached to electrical power. Warning signs
and float lines were placed upstream and down-
stream from the site. To prevent movement of fish
into or out of the test area, block nets (7-mm bar
mesh, 2 m high, two layers) were placed 9 m above
and below the barrier, tied to stakes, and the bot-
tom edge buried in sediment and rock.

Round goby were collected by seine from loca-
tions near the field site. They were held temporar-
ily in a large, aerated tank, placed in the stream to
maintain stream water temperatures. Two hours
before testing, round goby were anesthetized (MS-
222), measured (nearest mm), and held in a small,
aerated tank until the test. At this time, each group
of round goby was uniquely tagged by latex paint
injections of different color combinations under
dorsal scales (Kelly 1967; Hill and Grossman
1987). To begin a test, 25 round goby were released
about 9 m above the electrical barrier. Round goby
were recovered after a test 24 h later to determine
the number above and below the barrier. Recovery
methods for finding round goby after release
included (1) repeated ‘kick-seining’ with a small
bag seine (3-m x 1-m dimensions and 7-mm bar
mesh, Jude and DeBoe 1996)——two people pulling
the seine and one person in front of the seine kick-
ing the substrate such that the round goby dart up
and into net, and (2) walking along and on the
white canvas barrier looking for stunned or dead
animals before and after kick-seining.

In a control test, we first documented if round
goby would typically cross the barrier within 24 h of
release upstream. After the control test, another
group of tound goby was tagged with a different
color and again placed above the barrier. Move-
ment downstream and through the electrical barri-
er was monitored with the electrical barrier ener-
gized. Presence of dead or stunned round goby was
monitored by seining 24 h after release and by visu-
al inspection throughout the test. Location and
movement of marked goby from previous tests were
noted in subsequent trials as well. The electrical
field during tests was measured with a voltage meter
(EFP-2 Electric Field Probe by Smith-Root, Inc.).

Results
Laboratory

Round goby reacted to the ‘electrical barrier but
not to the range in water velocities tested (Figure
2). The odds ratio did demonstrate that signifi-
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Figure 2. The percentage of round goby that were repelled from crossing the electrical barrier under labo-
ratory conditions at each water velocity (m/s} and test condition. The number of tests and the average num-
ber of attempts per test are shown respectively in parentheses. Test conditions were: control 7 refers to
naive round goby controls (0 V) that had never gone through testing; test refers to round goby that were
tested at 70 V (5-ms-pulse durations and 2-3-Hz-pulse frequencies); and control 2 refers to experienced
round goby controls (0 V) that had been previously tested once.

cantly more attempts to cross the barrier were
repelled in tests with the barrier operating at 70 V
(5 ms pulse durations and 2-3-Hz pulse frequen-
cies) than those ‘repelled’ in controls (Test versus
Controls, Table 1). Warer velocity had no signifi-
cant effect on round goby behavior in either tests
or controls. Naive controls (shown as control | in
Figure 2) that had not been tested previously did
not differ in repel rates from experienced controls

(control 2) that had been tested previously (Odds
ratio overall model: %* = 2.70, 2 df, P = 0.26). Fish
in five tests (one in control 1, three in tests at 70 V)
one in control 2) showed no attempts to cross the
barrier and were not used in the analyses. The
total number of attempts to cross the barrier did
change with test condition (ANOVA, Fsn = 3.93,
P = 0.005). The number of attempts to cross the
barrier was significantly higher with naive round

Table 1. Odds-ratio analyses using binary logistic models. Chi-squares for overall models based on -2 Log
Likelihood statistic; ¥* for individual tests based on Wald x? (SAS 1995). An asterisk (*) designates signifi-

cance at P < 0.05.

Test Slope (SE) Odds ratio X! P
Test vs. controls (Figure 2)

Overall model 2747 (2df) 0.0001*

Test vs. controls 0.04 (0.01) 1.04 21.70 (1 df) 0.0001*

Water velocity -3.11(3.22) 0.04 0.93 (1 df) 0.33

Pulse frequency and duration (Figure 3)

Overall model 7.47 (2 df) 0.02%

Duration 0.38(0.17) 1.46 4.90 (1 df) 0.03*

Frequency 0.05 (0.05) 1.05 0.97 (1dH 0.32

Voltage during day (Figure 4)

Qverall model 4,02 (1df) 0.04*

Voltage 0.02 (0.01) 1.02 3.45 (1 df) 0.06
Voltage at night (Figure 4)

Overall model 17.82 (1 df) 0.0001*

Voltage 0.04 (0.01) 1.04 15.86 (1 df) 0.0001*
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goby (control 1) than with either round goby in the
tests with the barrier operating at 70 V or in con-
trol 2 (those tested previously). Average length of
round goby used did not differ with test condition
in this or any of the following laboratory compar-
isons (ANOVA, P > 0.10).

The effects of pulse duration and pulse fre-
quency on round goby repel rates were explored at
70 V in the next set of tests (Figure 3). Three sets
of controls were used in the analyses to provide the
balance required in the statistical analyses (as
shown in Figure 3). Only pulse duration was signif-
icant in the model (Table -1). In general, more
round goby were repelled as pulse duration
increased from 0.05 to 5 ms. We observed one
aggressive interaction in this set of tests (0.5 ms, 2
Hz) in which a round goby nipped another and
pushed it into the electrical field. Fish in three tests
(one control, two tests) did not attempt to cross
the barrier and were not used in the analysis.
Round goby that were not repelled after an attempt
were either stunned or passed through the barrier.
No significant differences were found for the num-
ber of stuns (y* = 2.41, 2 df, P = 0.30) with changes
in pulse duration and pulse frequency; an average
of 12% of fish were stunned (1-23%, 95% confi-
dence interval) when the electrical barrier was on.
The percent of fish passing through the barrier was
inversely related to the percent of fish repelled and
also showed significant differences in the pulse
duration and pulse frequency model (x* = 10.66, 2
df, P = 0.005) with pulse duration significant (x* =

4.27, 1 df, P = 0.04) but not pulse frequency (y* =
3.48, 1 df, P = 0.06).

Changes in repel rate increased with increas-
ing voltage and were similar between day and night
(Figure 4). As the videotaped observation area dif-
fered between day and night tests, we did not com-
pare results directly. However, night tests produced
similar odds ratios for voltage when compared with
the day tests (Table 1). Generally, the repel rate
increased with increasing voltage; this trend was
more pronounced and became significant at P =
0.05 during night observations. Round goby were
10 times more active at night than during the day
in the control. Activity, as demonstrated by the
number of attempts to cross the barrier, was signif-
icantly reduced once the barrier was activated
(ANOVA, F,, = 9.24, P = 0.01).

As expected, the electrical current field was
measurably different when 70 and 100 V were
applied to the barrier. When 70 V were applied to
the three electrodes, the measured voltage in the
test tank peaked at 2.6 V/cm near the middle elec-
trode (Figure 5A). When 100 V were applied, the
measured voltage again peaked near the middle
electrode at 4.9 V/em, almost twice the measured
voltage when 70 V were applied (Figure 5B).

Field

Control tests were conducted to determine
whether marked round goby would move quickly
across the barrier if no electricity was applied.
Marked round goby were released above the barri-

D?ulse duration (ms): 000 Eo.o5 H1 EIETI

Repel (%)

20 -

Pulse frequency (Hz)

Figure 3. The percentage of round goby that were repelled from crossing the electrical barrier under labo-
ratory conditions with 70-V pulsed direct current and different pulse frequencies (Hz) and pulse durations
{ms). The number of tests and the average number of attempts per test are shown respectively in parenthe-
ses, The control data (0-ms-pulse duration or 0 V) are shown at each pulse frequency for comparison.




USE OF ELECTRICAL BARRIERS TO DETER MOVEMENT 177

100 -
|[Opay BNight |
80 - (4,5)
2 (3.5) 7
;60- (5,5) (3,6) %7
g
2 40 4
5,10
0 ' .
0 70 100
Voltage (V)

Figure 4. The percentage of round goby that were repelled from crossing the electrical barrier under labo-
ratory conditions at different voltages of pulsed direct current with a 2-Hz-pulse frequency and at 5-ms-
pulse duration during day and night observations. The humber of tests and the average number of

attempts per test are respectively shown in parentheses.
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Figure 5. Voltage (V/cm) measured over the three electrodes in the laboratory test pool when (A) 70 V and
(B) 100 V were applied to the electrodes. Placement of electrodes 1-3 is shown in Figure 1.

er on 20 August 1998. Observers stationed across
the stream widch at the barrier observed 5 of 18
round goby crossing the barrier within 20 min of
release. After 1 d, four marked round goby were
recaptured from seining below the barrier. After
conducting the control study, further work was
spent on better securing block nets and developing
effective recovery methods.

The field electrical barrier was tested at two
electrical settings (differing in electrical pulse dura-
tion) with three tests at each setting (Table 2). The
electrical barrier at the stream site produced a meas-
urable electrical field (Figure 6). As in the laborato-

ry, when 100 V were applied to the electrodes, the
electrical field measured peaked at 4.9 V/em at the
center of the barrier. Changes in pulse durations
from 5 to 3 ms did not alter the field appreciably.
In the field tests, most round goby were recov-
ered within 1 d of release (Table 2). Only live
round goby were found above the barrier. Although
not quantified during recovery efforts, round goby
were often concentrated in deep areas (or holes)
and in vegetation upstream of the barrier. Both live
and dead round goby were found on the barrier, but
the live round goby were stunned and easily recov-
ered by hand nets. In the first set of tests (trial 1,
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Table 2. Location (above, on, or below the electrical barrier} of round goby recovered after each 24-h test
under the electrical parameters noted above each set of experiments. Numbers of round goby alive or dead
were recorded in each location. In addition, the number recovered after 1 day and the total recovered
throughout the study for each test (25 round goby released for each test) are given.

Location of recovered round gobies

Round gobies recovered

Test Above barrier On barrier Below barrier Day 1/total
100V, 5 ms, 2 Hz

1 2 live 0 live, 18 dead 2 dead 19/22

2 : 14 live 3 live, 5 dead 0 dead 17122

il 18 live 2 live, 4 dead 0 dead 18/24
100V, 3 ms, 2 Hz

4 12 live 3 live, 5 dead 1 live, 0 dead 19/21

5 7 live 4 live, 6 dead 2 live, 5 dead 23/24

6 8 live 0 live, 3 dead 0 live, 3 dead 14114

h

Q

o

3

2! 22
03 @,\
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352 é?
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4
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Figure 6. Voltage (V/cm) measured over the elec-
trical barrier at the stream test site when 100 V has
applied to the four electrodes.

three replicates), the only marked round goby
found below the barrier (100 V, 5 ms pulse dura-
tion, and 2 Hz pulse frequency) were dead. At
reduced pulse durations (100 V, 3 ms, 2 Hz) in the
second set of tests (trial 2, three replicates), a few
round goby (mean one/test) were found alive below
the barrier, but were in poor condition and easily
captured by hand nets.

Round goby tested averaged 95 mm TL
(range: 60-120 mm). Sizes of round goby did not
differ between those released and recaptured in
trial 1 (F, ,, = 0.23, P = 0.64) or trial 2 (F,,, =
0.04, P = 0.84). Among those recaptured, sizes of
round goby did not differ between those found live
or dead in trial 1 (F 4 = 0.43, P = 0.52) or in trial

2 (F,5=0.79, P = 0.38). Sizes also did not differ in
location of those found above, on, or below the
barrier in trial 1 (F,5 = 0.01, P = 0.99) or in trial 2
(F, 5 = 0.78, P = 0.46).

A few small resident, unmarked round goby
were captured in the stream during tests while sein-
ing: the mean size of two round goby per test
(range: 0—4) averaged 50 mm TL (SD = 9.4 mm).
Other stream fishes collected during seining at the
field site (within the block nets) included: bowfin
Amia calva, common carp Cyprinus carpio, golden
shiner Notemigonus crysoleucas, common shiner
Luxilis cornutus, spottail shiner Nonopis hudsonius,
spotfin shiner Cyprinella spilopterus, bluntnose min-
now Pimephales notatus, madtoms Noturus spp.,
largemouth bass Micropterus salmoides, bluegill Lep-
omis macrochirus, pumpkinseed Lepomis gibbosus,
and darters Etheostoma spp. Crayfish, frogs, snap-
ping turtles, and water snakes were also plentiful at
the field site, but not identified to species. A few
nontarget species were found dead on the barrier
during the six trials; these included one large snap-
ping turtle; one large bullfrog, two bluntnose min-
nows; one common carp (about 80 cm TL), one
resident round goby (unmarked), and several
bluegills and pumpkinseeds.

Discussion

Round goby, once introduced into the Great Lakes,
have dispersed through three main mechanisms:
ballast-water transfer, bait-bucket dumping, or nat-
ural swimming movement and dispersal. This labo-
ratory and field study addresses unaided migratory
movements and was conducted to determine the
feasibility of using electrical barriers to deter move-
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ment of round goby through canal systems. The bar-
tier was about 80% effective in repelling round goby
during short-term tests in the laboratory. Differ-
ences in day-time and nocturnal activity of round
goby did not change effectiveness of the bartiet.
However, the scale-up study in a small river was
almost 100% effective in deterring round goby
movement downstream. This difference in effec-
tiveness could be the result of several factors. A pri-
mary difference in methods was that round goby in
laboratory studies were subjected to the electrical
field for only 2 h, and fish were removed from the
electrical field if stunned. However, round goby in
the field study that moved within the electrical field
tended to dive and remained near or under elec-
trodes until they died. Anodic attraction is one of
the possible fish responses to electrical fields (Kolz
and Reynolds 1989). About 12% of the round goby
in the laboratory study were stunned while 20-40%
of the round goby were stunned or killed on the bar-
rier in the field study. The low flow (0.3-0.5 cm/s)
at the field site carried few dead or stunned round
goby through the barrier. On a latger scale, the bar-
rier design in the Illinois Waterway System includes
the use of railroad rails for large electrodes. Round
goby that are stunned near these rails could remain
trapped against the protruding upstream side even
under regular flow conditions until killed.

Other changes in scale between the laboratory
and field studies could account for further differ-
ences in round goby responses. The electrical barri-
er in laboratory studies had a shorter crossing dis-
tance (<1 m) and round goby were concentrated in
a narrow channel (0.6 m wide). Round goby are an
aggressive fish (Dubs and Corkum 1996). In one
instance, we observed a round goby forcing another
through the barrier. Even though this aggression
was rarely observed directly in the laboratory, con-
centrating round goby in a natrow channel could
enhance aggressive interactions and possibly
increase the number of passages through the barrier.
In the field, the electrical barrier was over a 6-m
stretch downstream and covered a 20-m stream
width. Round goby could swim through the rela-
tively short length of electrical current in the labo-
ratory, but appeared unable to complete the passage
in the field.

In each group of round goby, some individuals
appeared determined to cross the barrier. In the
laboratory about 12% of those attempting to cross
the barrier, actually made it through; in the field
they were stunned or died. Other round goby

appeared to learn from encountering the barrier. [n
the laboratory, the number of attempts decreased
after experience with the barrier. The number of
attempts decreased significantly from controls
under both day and night conditions by activating
the barrier. Learning has been demonstrated in
other fish behaviors such as foraging (Savino and
Hudson 1995; Savino et al. 1993). Nevertheless,
attempts to cross the barrier continued to be made
in both the laboratory and field. [n practical appli-
cations, it is extremely important that the barrier
remain active. Immediately after an electrical bar-
rier was shut down, sea lampreys moved through
the stream section (Swink 1999). Through con-
stant exploration, Atlantic salmon Salmo salar
determined in less than an hour that barriers were
off in laboratory studies and moved across an elec-
trical barrier (Stewart 1981).

Our electrical parameters varied from others
used in the literature. Our peak electrical field
intensities were somewhat higher (5 V/em) than
those used in another study (3.0 V/cm) to effec-
tively block the movement of a variety of species
(gizzard shad Dorosoma cepedianum, golden shiner,
rainbow trout, brown trout Salmo trutta, and large-
mouth bass; Barwick and Miller 1996). Lowering
the peak to 3 V/cm in this laboratory study pro-
duced a noticeable decrease in effectiveness. Dura-
tion of electrical pulse was also important in deter-
mining the effectiveness of the field in both this
laboratory and the field study—longer pulse dura-
tion better deterred movement downstream.
Swink (1999) also found that longer pulse dura-
tions provided a more effective barrier; pulse dura-
tions of 2 ms (10 Hz) completely blocked sea lam-
prey migration upstream whereas 1 ms pulse dura-
tion (10 Hz) allowed 1 out of 900 marked sea lam-
preys to pass the barrier. In water with lower con-
ductivity (40 pSfem), chinook salmon were guid-
ed with 168 V, 3.7 ms duration, and 120 Hz
(Palmisanc and Burger 1988).

Native fish species were affected little by the
barrier. Either they were repelled or they moved
through the barrier. A few larger organisms died on
the barrier; larger organisms are more affected by
electricity as they conduct more current (Monan
and Engstrom 1963; Klima 1972). However, we also
saw several common carp and bowfin pass upstream
through the barrier. Behavioral and physiological
studies have shown that {ish in many situations are
affected by electric shocking, but generally return to
normal parameters within 24 h (Schreck et al.
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1976; Sorensen 1994; Maxfield et al. 1971; Mesa
and Schreck 1989). Rainbow trout survival, growth,
and fecundity were not affected by shocking (1
V/em, 40 ms, 8 Hz). Goldfish Carassius auratus and
brook trout Salvelinus fontinalis did not alter spawn-
ing behavior 1 d after being electroshocked
(Sorensen 1994). Feeding and aggression of cut-
throat trout Oncorhyncus clarki initially decreased
but returned to normal within a day of shocking
{Mesa and Schreck 1989). Some fish have shown
spinal injuries, e.g. rainbow trout captured by elec-
trofishing (260 V, 60 Hz; Sharber and Carothers
1988). Further tests will be needed to determine
effects on native species. However, recall that what
may be native to one watershed may not be native
to the adjoining watershed. If the objective is to
achieve complete blockage of fish passage in either
direction along an artificial connection, electrical
parameters may need to be enhanced or alternative
barriers may need to be put in place.

Life stage is another important factor to con-
sider in determining the effectiveness of electric
barriers in deterring downstream movement. We
worked with fish 60-120 mm in length, generally
adults. Smaller life stages have not been studied.
Godfrey (1957) showed that shocking with high
voltages (550 V) caused bhigh mortality in green
eggs of Atlantic salmon and brook trout but not in
eyed eggs; alevins were killed by prolonged shock-
ing. Survival and growth of age-0 rainbow trout
were not affected (Maxfield et al. 1971). Generally
smaller fish are impacted less, since they conduct
less electrical current (Monan and Engstrom 1963;
Klima 1972). Round goby eggs are adhesive and are
attached to the underside of rock or other surfaces
(Corkum et al. 1998); they should not flow down
river. However, larval or juvenile round goby could
migrate. Recent studies suggest that young round
goby migrate farther than adults (L. D. Corkum,
University of Windsor, personal communication).
Therefore, barriers need to be developed and test-
ed that are effective for fish of smaller size classes.

The barrier tested as part of this study should
be considered the first phase in deterring fish
movement through a canal. At the suggested loca-
tion for the electrical barrier in the Illinois Water-
way System, water velocities are generally less than
0.3 m/s, but can reach 1.5 m/s (Keppner and The-
riot 1997). The planned electrical barrier is
designed to extend throughout the water column,
but under conditions of high-water velocities,
stunned round goby might wash downstream. The

electrical barrier would prove more effective in
smaller canals in areas with little or no flow.
Barriers are most effective for stopping
upstream movement, as with common carp and big-
mouth buffalo Ictiobus cyprinellus (Verrif]l and Berry
1995) or sea lamprey (Swink 1999). Guiding fish
around obstacles, inlets, or channels and into pre-
ferred areas (mainstream, fish ladders) has had
mixed success (Palmisano and Burger 1988; Kynard
and O'Leary 1993; Barwick and Miller 1996). Barri-
ers have not been shown to be entirely successful in
preventing downstream movement of fishes (Kynard
and O'Leary 1993; Swink 1999). Other types or
additional barriers will be essential if complete
blockage of fish movement through the area is
desired. Considerations include acoustic bubble bar-
riers or hydrojets. Bubble barriers proved somewhat
effective in confining roundfish but not flatfish over
several-hour field tests (Stewart 1981). Infrasound
(10 Hz) produced avoidance behavior in chinook
salmon and rainbow trout (Knudsen et al. 1997). In
addition, the Illinois Waterway System demonstra-
tion project calls for a second electrical barrier. The
strategy is that if round goby pass through this first
barrier, they may be temporarily stopped by the sec-
ond. Our studies suggest that round goby appear to
learn from their first experience with an electrical
barrier that results in a reduction of further down-
stream attempts. However, this learning does not
prove 100% effective in deterring further attempts.
Hence any round goby caught between two electri-
cal barriers, should be trapped and removed from
this area. In our study, round goby concentrated
above the barrier in deep holes and macrophytes.
This fish behavior may be able to be used as an
advantage at bigger installations to concentrate
round goby and other target fish and remove them
by some other means (predators, chemicals, electric-
ity). Ideally, a flat featureless area could be installed
in front of the barrier with areas of structure, holes,
or trenches to concentrate fishes so that some type
of removal process is more efficient and effective.
[n summary, the choice and verification of the
efficacy of an electrical barrier was an important
first phase in the demonstration barrier project.
The electrical barrier proved effective in deterring
adult round goby movement across a section of a
small stream. However, effects of scale need to be
considered in canals where the water is deeper and
the flow is faster. Other studies are planned to
determine effects of the electrical barrier on
younger life stages of round goby and on native
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fauna. To form a more effective barrier and provide
backup, the electrical barrier could be used in tan-
dem with other (acoustic bubble) barriers.
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by Jan Jeffrey Hoover, S. Reid Adams, and K. Jack Killgore

BACKGROUND: The round goby, Neogobius melanostomus, a native of Eurasia, is spreading
throughout the waters of North America (Figure 1). Native to the Black Sea and Caspian Sea
systems, the round goby appeared in the St.Clair River, ONT-MI in 1990, and subsequently in the
Great Lakes during 1993-1996 (Charlebois et al. 1997). Particular concemn exists for the population
in southern Lake Michigan and the Calumet River, which is spreading west via the Cal-Sag Channel
towards the Des Plaines River (Moy 1997). Penetration by the round goby into the Mississippi River
system, or any large river system, would allow virtually unlimited spread throughout large
geographic areas. Its high rate of dispersal (e.g., all five Great Lakes in only 5 years) is particular
cause for concern (Jude 1997).

Photo Credit: David Jude
. = g £ “,., i
Figure 1. Round goby (Neogobius melanostomus). Photograph provided by David

Jude, School of Natural Resources and the Environment, University of
Michigan

NCHES

This benthic species, although small, is highly aggressive toward native fishes, especially the mottled
sculpin (Cottus bairdi), which is unable to effectively defend the cavities it normally inhabits from
gobies (Dubs and Corkum 1996). The round goby is also aggressive towards larger, pelagic species
such as rock bass (dmbloplites rupestris) and smallmouth bass (Micropterus dolomieui) (Wickett
and Corkum 1998), as well as smaller, benthic specics like darters, Etheostoma spp. (Jude 1997).
Containment of the round goby has been identified as a priority by several agencies, including the
U.S. Army Corps of Engineers and the U.S. Fish and Wildlife Service. The round goby could be
contained by use of ichthyocides, electricity, or by hydraulics. The last of these is environmentally

benign and safe, but efficacy is unknown.
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PURPOSE: To evaluate potential for hydraulic containment of round gobies, three questions were
addressed in a series of laboratory experiments:

e What are the station-holding capabilities of round gobies?
+ How is station-holding endurance influenced by substrate?
« Are goby movements effectively contained by hydraulic barriers?

Round gobies were tested in a series of laboratory experiments to determine whether hydraulic
containment of populations was possible. Station-holding endurance models, critical station-holding
velocity tests, and a small, low-velocity barrier in a simulated stream all indicated that containment
was feasible, but that barrier specifications would have to be adjusted to local conditions (bottom

topography, substrate size, water temperature).

METHODS: Specimens were obtained by angling during the summer of 1998 and sent by overnight
delivery to the Waterways Experiment Station. They were maintained in 300-L Living Stream
fiberglass aquaria (model 510, Frigid Units, Toledeo, OH) filled with dechlorinated tap water. Tanks
provided slow (< 10 cm/s) rectilinear flow and constant water temperature. Tank bottoms were left
bare but pieces of PVC pipe were used to provide bottom cover. Gobies were fed twice daily: frozen
bloodworms (Chironomidae), dry salmon pellets (Silver Cup Salmon Crumbles, Nelson and Sons,
Inc., Murray, UT). Light-dark cycle approximated natural conditions.

Predictive Endurance models — Station-holding endurance was evaluated in a propeller-driven,
100-L Blazka swim tunnel (Beamish 1978) using protocol developed for another benthic fish,
juvenile pallid sturgeon (Adams et al. 1999). Tunnel had a working section 39 cm long, 15 cm
diameter, with two sets of flow filters to promote microturbulent, rectilinear flow. Tunnel velocities
were measured and calibrated to specific rheostat settings on the electric motor using a Marsh-

McBimey flow meter.

Thirty-six hours prior to testing, gobies were isolated from the population and not fed to achieve
post-absorptive state. At time of testing, a fish was transported to the swim tunnel in a water-filled
PVC cylinder, habituated in the tunnel for 1 hour at 5 cm/s (30 min) and 10 cm/s (30 min).
Following habituation, water speed was increased rapidly (2-4 sec) to test velocity. The fish was
observed for station holding, and time to fatigue was recorded. If a goby was able to maintain
position at a particular speed for 200 min (or more), then that speed was considered to represent
sustained station-holding. If the fish was unable to maintain a particular speed indefinitely (i.e., it
fatigued), the speed represented prolonged (0.5 to 200 min) or burst station holding (< 0.5 min). Fish
were allowed to maintain station by swimming or by substrate appression, and no attempt was made
to alter behavior. Fish were considered fatigued when they could no longer swim or maintain
position without bracing against or becoming impinged upon the downstream screen of the working
section of the tunnel after which they would not respond to mechanical stimulation (gentle

prodding). Test velocities ranged from 15-75 cm/s.

Gobies were tested only once. After testing, total length (TL) of the fish (to the nearest I mm) and
weight (to the nearest 0.01 g) were recorded. Gender was recorded only for those fish in which the
shape of the urogenital papillae could be definitively categorized as male or female (based on
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Charlebois et al. (1996)). A small series of fish (N = 39) was tested at 20 °C, another larger series
(N=111)at17°C.

The predictive relationship between water velocity and fish size (independent variables) and
endurance (dependent variable) was quantified using linear and polynomial regression techniques
(Statistical Analysis Systems, Carey, NC). The model that accounted for the highest degree of data
set variance (r) was chosen. Swimming trials in which fish did not fatigue (i.e., sustained
swimming) were excluded from models. Length-weight relationships were also analyzed using logjo
conversions of data and linear regression.

Influence of substrate roughness - Critical swimming/station-holding speed was determined over
various substrates in the Blazka swim tunnel. The tunnel was modified with interchangeable
horizontal Plexiglas inserts that rested on the bottom of the working section of the tunnel. Inserts
were bare, covered with a layer of sand, or covered with a layer of gravel (5-10 mm), simulating
substrates that are smooth (e.g., bedrock), fine, or coarse. Individual fish were introduced into the
tunnel, habituated, and subjected to increasing water velocity (at 5 cm/s increments) every 10
minutes until fatigued. Time at the fatigue velocity was recorded.

Critical station-holding speed was calculated according to Brett (1964):

U

crit = Ul +(Tl' /T;, XUZ)

in which Ucri is the 10-min critical station-holding speed, U, is the highest water velocity maintained
for the prescribed time period, T;-is the duration of swimming at the fatigue velocity, T is the
prescribed period of swimming (or 10 min), and U, is the velocity increment (5 cm/s). Fish were
tested once. Seven fish were tested for each substrate insert. Differences among substrates were
evaluated using MANOVA and the Tukey HSD test (Statistica StatSoft Inc., Tulsa, OK).

Physical model of a hydraulic barrier - Short-term containment of round gobies was demonstrated
in a laboratory stream with a simulated “containment field.” This laboratory stream is an elliptical
channel, shaped like a racetrack and made of aquamarine fiberglass (Model SM, Frigid Units, Toledo
Ohio). It is 5.5 m long. Channel is 31 cm wide and water is 26.5 cm deep. Total water volume is
1000 L. Water is drawn continuously from the surface. It is piped into a filter-aerator consisting of a
20-L bucket with a porous bottom, containing floss, carbon, and foam. Filtered water collects in a
reservoir with a water volume of 236 L and containing a Little Giant submersible pump (Model 3E-
34N, Oklahoma City, OK), which returns water to the channel. Water enters the channel from the
reservoir through a PVC pipe generating the hydraulic barrier. The inflow pipe is 30 cm long,
perpendicular to the long axis of the channel, and is suspended 4 cm above the channel bottom. This
position allows for near-uniform flow throughout the channel and in the event of interrupted power,
prevents the channel from draining completely. Water velocity is 29.5 cm/s 1 m from the barrier,
13.5 cm/s 2 m from the barrier, and 9.0 cm/s 3 m from the barrier. A screen placed 3 m
“downstream” from the barrier defines the lower limit of the containment field. Six trials were
conducted: three controls using non-flowing water and three treatments using flowing water. In each
trial, nine gobies were released within the containment field. The number of individuals crossing the

barrier was determined after 24 hr.
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RESULTS

Size of gobies and behavior - Gobies tested ranged in size from 43 — 154 mm TL (N = 150).
Individuals identifiable as males were 72-154 mm TL (N = 63); females were 75-136 mm TL (N =
34). Length-weight relationship for all fish was:

Log,o Weight = 3.13 (Log)o Length) — 5.13, r* = 0.98, p < 0.0001
This relationship was not substantially different than models generated for males,

Log;o Weight = 3.04 (Logo Length) - 4.94, * = 0.97, p < 0.0001

or for females,
Logio Weight = 2.83 (Log,o Length) — 4.53, r* = 0.96, p < 0.0001

Gobies in all three experiments spent very little time (< 20 percent) swimming in the water column,
or skimming along the surface of the bottom. Instead, they hunkered close to the bottom, appresssing
themselves to it, as they turned about or darted forward and backward.

Predictive endurance models - Stepwise multiple regression analyses indicated that for both water
temperatures, endurance was negatively correlated with water velocity and positively correlated with
length of fish. There were notable differences in swimming speeds between temperatures. At 17 °C,

the relationship was:

Log;o Endurance = -0.027 (Velocity) + 0.007 (Length) + 0.516, ' =0.62, p < 0.0001

At 20 °C, the relationship was:

Logp Endurance = -0.028 (Velocity) + 0.005 (Length) + 0.940, r* =0.67, p <0.0001

At both water temperatures, water velocity was the primary variable accounting for endurance
(partial r* > 0.55). The influence of fish size in the multiple regression models, although statistically
significant (p <0.09), was relatively low (partial r’ <0.07). To minimize the influence of fish size on
endurance data, however, data were analyzed separately for small fish (<90 mm TL) and large fish

(> 90 mm TL).

At17°C, small gobies exhibited sustained station holding at 15 cm/s, prolonged station holding (0.5-
44 min) at 20-50 cm/s, and burst station-holding at 55-75 em/s (Figure 2). Large gobies exhibited
sustained swimming at 20 cm/s, prolonged swimming (0.5-72 min) at 20-50 cm/s, and mostly burst
station holding at 55-75 cm/s. Although endurance values of the two size groups overlapped at most
water velocities, larger fish typically had greater endurance than smaller fish. At 20 °C, sustained
station holding was not observed (Figure 3). For small gobies, prolonged station holding (0.5-61
min) was observed at 15-55 cm/s, burst at 60 cm/s. Only 12 large fish were run at 20 °C and none of
these were tested at water velocities < 40 cm/s. Data suggest that larger fish had greater endurance
than the smaller fish over this range of water velocities. Overall, station-holding endurance at lower
water velocities (< 30 cm/s) was higher at the cooler temperature; endurance at higher water
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velocities (> 30 cm/s) was higher at the warmer temperature. Definitive statements regarding
differences in swimming performance at different water temperaturcs cannot be made at this time,
since tests were discontinued at 20 °C due to apparent stress experienced by gobies at that
temperature (based on aberrant behavior and post-test mortality). Because endurance decreased
curvilinearly with increased water velocity, polynomial models were used to describe the relationship
between the two variables (Table 1).

Influence of substrate roughness - Fish exhibited improved station-holding times with increased
roughness of the substrate. Mean critical station-holding speeds (and standard deviations) were 20.7
(3.4), 42.4 (4.6), and 52.5 (2.0) cr/s on Plexiglas, sand, and gravel substrates respectively.
Significant differences existed among the values (df = 2/18, F = 147.96, p < 0.0001). Each mean
value was statistically different from each of the other values ( p < 0.0003). Differences among
values were not attributable to differences in size of fish among treatments. Mean sizes of fish
ranged from 77.4-78.9.

Station-Holding by the Round Goby at 17 C
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Figure 2. Station-holding by two size classes of round gobies in cool water
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Figure 3. Station-holding by two size classes of round goby in warm water

Table 1

Polynomial Regression Models Relating Endurance Time of Round Goby
(Minutes) to Water Velocity (in cm/s)’

;I'gmperature g:i g Model N | R? p

17 Small | Logso Time = 0.0007 (Vel®) - 0.0969 (Vel) + 2.5471 41 { 0.79 | <0.0001
17 Large | Logi, Time = 0.0009 (Vel) - 0.1156 (Vel) + 3.2207 63 | 0.67 | <0.0001
20 Small | Logs Time = 0.0006 (Vel) - 0.0727 (Vel) + 1.9955 27 | 0.67 | <0.0001
20 Large | Logi Time = 0.0004 (Vel?) - 0.0676 (Vel) + 2.4848 | 12 | 0.82 0.0005

1 Small fish were 65-88 mm TL; large fish were 91-154 mm TL. Round gobies were tested over a range of
15-75 cm/s with the exception of large fish run at 20 °C, for which data were obtained only at 40-70 cm/s.

Physical model of a hydraulic barrier - Gobies were contained by the small-scale physical model
of a hydraulic barrier. During three trials, when the barrier was non-operational, gobies freely
distributed throughout the experimental channel. During three trials, when the barrier was
operational, all gobies were contained behind the barrier in two trials, despite frequent, prolonged
approaches of the barrier. During the third trial, a goby crossed the barrier and had escaped the

containment field.
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DISCUSSION: Size of gobies was comparable to previous reports and is probably representative of
the population in the Great Lakes Region. Size range was nearly identical to that reported for
Calumet Harbor, approximately 60-145 mm TL, as was the similarity in weights of males and

females (Charlebois et al. 1997).

Gobies are not powerful swimmers, maintaining station primarily by pressing their bodies to the
substrate, and their ability to hold station is positively correlated with substrate roughness or size. A
hydraulic barrier, to effectively contain round gobies, would not only have to provide sufficiently
high water velocities over a sufficiently great distance to exceed their physiological endurance, but
would also have to be located in a relatively straight-sided channel with smooth substrate so as to
exceed their behavioral mechanisms for avoiding or withstanding flow. If such channels exist in
local areas of concern, then the likelihood of containment seems promising. If such a channel does
not exist, than hydraulic containment would have to rely on elevated water velocities (e.g., greater
than 75 cmm/s) or prolonged distances of moderate velocity generation.
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ABSTRACT

One hypothesis for the transcontinental and intra-Great Lakes basin transfer of round gobies (Neogobius
melanostomus) has been that round gobies were pumped into the ballast water of ships. During June 2005 in Lake
Erie, we obtained evidence of a vertical migration of round goby larvae, when we collected 167 round goby larvae in
surface ichthyoplankton net tows at night and zero during day. These results complemented similar findings from the
Muskegon River estuary of Lake Michigan during 2003 and 2004, documenting diel vertical migration for the first
time in larval round gobies. We suggest vertical migration behavior may have allowed larval round gobies to be
transported to and within the Great Lakes via ballast water and dispersed in the Great Lakes via advection of 6.5-8.5-
mm long larvae at the surface. Based on our results, if ballast water was only taken on near the surface during daylight
hours from May through September when larval round gobies were present, it would have mitigated the spread of
round gobies throughout the Great Lakes.

Keywords: Round goby, ballast water, larval fish

REFERENCES
Auer, N. A., editor. (ed.). 1982. Identification of larval fishes of the Great Lakes basin with emphasis on the
Lake Michigan drainage Special Pub. 82-3, Great Lakes Fishery Commission, Ann Arbor, MI. Google Schaolar

Beletsky, D., J. H. Saylor, and D. J. Schwab. 1999. Mean circulation in the Great Lakes. J. Great Lakes
Res25:78-93. Crossref, Google Scholar

Biro, P. 1972. Neogobius fluviatilis in Lake Balaton -Ponto-Caspian goby new to fauna of central Europe. J.
Fish Biology 4:2249-256. Crossref, Gooqgle Scholar

Brittan, M. R., A. B. Albrecht, and J. D. Hopkirk. 1963. An oriental goby collected in the San Joaquin River
Delta near Stockton, California. Cal. Fish and Game 49:302-304. Google Scholar

Carlton, J. 1985. Transoceanic and interoceanic dispersal of coastal marine organisms: the biology of ballast
water. Oceanogr. Mar. Biol. Annu. Rev 23:313-371. Gooagle Scholar

Carlton, J. 1996. Pattern, process and prediction in marine invasion ecology. Biol. Conserv 78:97-
106. Crossref, Google Scholar

Charlebois, P., M. Raffenberg, and J. M. Dettmers. 2001. First occurrence of Cercopagis pengoi in Lake
Michigan. J. Great Lakes Res 27:258-261. Crossref, Google Scholar




Crossman, E. J. 1984. Introductions of exotic fishes into Canada. In Distribution, biology, and management
of exotic fishes Courtenay Jr., W. R. and J. R. Stauffer Jr., editors. eds., pp. 78-101.Johns Hopkins
University Press. Baltimore, MD. Goocgle Scholar

Czesny, S. 1., B. D. S. Graeb, and J. M. Dettmers. 2005. Ecological consequences of swim bladder
noninflation for larval yellow perch. Trans. Amer. Fish. Soc 134:1011-1020. Crossref, Google Scholar

Dawson, G. 1973, Occurrence of an exotic eleotrid fish in Panama with a discussion of probable origin and
mode of introduction. Copeia 1:141-144. Crossref, Google Scholar

Dettmers, J. M., J. Janssen, B. Pientka, R. S. Fulford, and D. J. Jude. 2005. Evidence across multiple scales
for offshore transport of yellow perch (Perca flavescens) larvae in Lake Michigan. Can. J. Fish. Aquat.
Scib2:122683-2693. Crossref, Google Scholar

Dougherty, J. D., W. S. Moore, and J. L. Ram. 1996. Mitochondrial DNA analysis of round goby (Neogobius
melanostomus) and the tubenose goby (Proterorhinus marmoratus) in the Great Lakes basin. Can. J. Fish.
Agua. S5ci 53:474-480. Crossref, Google Scholar

Emery, A. R. and G. Teleki. 1978. European flounder (Platichthys flesus) captured in Lake Erie,
Ontario. Can. Field-Naturalist 92:189-91. Google Scholar

Forrester, G. E. 1999. The influence of adult density on larval settlement in a coral reef fish, Coryphopterus
glaucofraenum. Coral Reefs 18:85-89. Crossref, Google Scholar

French III, J. R. and D. Jude. 2001. Diets and diet overlap of nonindigenous gobies and small benthic native
fishes co-inhabiting the St. Clair River, Michigan. J. Great Lakes Res 27:300-311. Crossref, Google Scholar

Galil, B. and N. Holsmann. 2002. The biological efficacy of open ocean exchange—implications for ballast
water management. In Invasive Aquatic Species of Europe. Distribution, Impacts and Management
Leppaekoski, E., S. Gollasch, and S. Olenin, editors. eds., pp. 508-510.London Kluwer Academic

Publishers. Google Scholar

Garton, D. W. and W. R. Haag. 1992. Seasonal reproductive cycles and settlement patterns of Dreissena
polymorpha in western Lake Erie. In Zebra mussels: biology, impacts, and control Nalepa, T. F. and D.
Schloesser, editors. eds., pp. 111-128.Boca Raton, FL Lewis Publishers. Google Scholar

Gollasch, S., D. E. Macdonald, S. Belson, H. Botnen, J. Christensen, J. Hamer, G. Houvenaghel, A. Jelmert,
I. Lucas, D. Masson, T. McCollin, S. Olenin, A. Persson, I. Wallentinus, L. Wetsteyn, and T.

Wittling. 2002. Life in ballast tanks. In Invasive aquatic species of Europe. Distribution, impacts and
management Leppaekoski, E., S. Gollasch, and S. Olenin, editors. eds., pp. 217-231.Kluwer Academic

Publishers. Google Scholar
Hebert, P. D. N., B. W. Muncaster, and G. L. Mackie. 1989. Ecological and genetic studies on Dreissena

polymorpha (Pallas): a new mollusk in the Great Lakes. Can. J. Fish. Aquat. Sci 46:1587-
1591. Crossref, Google Scholar

Hoese, D. 1973. The introduction of the gobiid fishes Acanthogobius flavimanus and Tridentiger
trigonocephalusinto Australia. Koolewong 2:3-5. Google Scholar

Janssen, J. and D. Jude. 2001. Recruitment failure of mottled sculpin Cottus bairdi in southern Lake
Michigan induced by the newly introduced round goby Neogobius melanostomus. J. Great Lakes
Res 27:319-328. Crossref, Google Scholar

Jude, D. J. 1992. Evidence for natural reproduction by stocked walleyes in the Saginaw River tributary
system, Michigan. North Amer. J. Fish. Manage 12:386-395. Crossref, Google Scholar

Jude, D. J. 2001. Round and tubenose gobies: 10 years with the latest Great Lakes phantom
menace.Dreissena 11:1-14. Google Scholar

Jude, D. J. and S. DeBoe. 1996. Possible impact of gobies and other introduced species on habitat
restoration efforts. Can. J. Fish. Aquat. Sci 53:Suppl. 1136-141. Crossref, Google Scholar




Jude, D. J., R. H. Reider, and G. R. Smith. 1992, Establishment of Gobiidae in the Great Lakes Basin. Can. J.
Fish. Aquat. Sci 49:416-421. Crossref, Google Scholar

Jude, D. J., J. Janssen, and G. Crawford. 1995. Ecology, distribution, and impact of the newly introduced
round and tubenose gobies on the biota of the St. Clair and Detroit Rivers. In The Lake Huron Ecosystem:
Ecology, Fisheries and Management Munawar, M., T. Edsall, and J. Leach, editors. eds., pp. 447-
460.Amsterdam, Netherlands Ecovision World Monogr. Ser. Gooale Scholar

Locke, A., D. Reid, H. van Leeuwen, W. Sprules, and J. Carlton. 1993. Ballast water exchange as a means of
controlling dispersal of freshwater organisms in ships. Can. J. Fish. Aquat. Sci 50:2086-
2093. Crossref, Google Scholar

Logachev, V. S. and Y. E. Mordvinov. 1979. Speed of swimming and activity of larvae of the round
goby, Neogobius melanostomus Pall, and some predatory crustaceans of the Black Sea. Sov. J. Mar.

Biol 3:77-80. Google Scholar

Madenjian, C. P. and D. J. Jude. 1985. Comparison of sleds versus plankton nets for sampling fish larvae
and eggs. Hydrobiologia 124:275-281, Crossref, Google Scholar

Miller, P. J. 1984. The tokology of gobioid fishes. In Fish reproduction strategies and tactics Potts, G. W. and
R. J. Wooton, editors. eds., pp. 119-153.London Academic Press. Google Scholar

Miller, P. J. 1986. Gobiidae. In Fishes of the North-eastern Atlantic and the Mediterranean Vol. 3.Whitehead,
P. J. P., M-L. Bauchot, J-C. Hureau, J. Nielsen, and E. Tortonese, editors. eds. Paris. Google Scholar

Mills, E. L., J. H. Leach, 1. T. Carlton, and C. L. Secor. 1993. Exotic species in the Great Lakes—a history of
biotic crises and anthropogenic introductions. J. Great Lakes Res 19:1-54. Crossref, Gooale Scholar

Minchin, D. and S. Gollasch. 1998. Vectors—how exotics get around. In Invasive Aquatic Species of Europe.
Distribution, Impacts and Management Leppakoski, E., S. Gollasch, and S. Olenin, editors. eds., pp. 183-
192.Dordrecht/Boston/London Kuwer Academic Publishers. Google Scholar

Ojaveer, H., E. Leppakoski, S. Olenin, and A. Ricciardi. 1998. Ecological impact of Ponto-Caspian invaders in
the Baltic Sea, European inland waters and the Great Lakes: an inter-ecosystem comparison. In Invasive
aquatic Species of Europe. Distribution, Impacts and Management Leppakoski, E., S. Gollasch, and S.
Olenin, editors. eds., pp. 412-425.Dordrecht/Boston/London Kuwer Academic Publishers. Google Scholar

Radtke, R. L., R. A. Kinzie, and D. J. Shafer. 2001. Temporal and spatial variation in length of larval life and
size at settlement of the Hawaiian amphidromous goby Lentipes concolor. J. Fish Biol 59:4928-938. Google

Scholar

Ricciardi, A. and J. Rasmussen. 1998. Predicting the identity and impact of future biological invaders: a
priority for aquatic resource management. Can. J. Fish. Aquat. Sci 55:1759-1765. Crossref, Gooagle Scholar

Schultz, E. T., K. M. M. Lwiza, M. C. Fencil, and J. M. Martin. 2003. Mechanisms promoting upriver transport
of larvae of two fish species in the Hudson River estuary. Mar. Ecol.-Progr. Ser 251:263-
277. Crossref, Google Scholar

Stepien, C. A. and M. A, Tumeo. 2006. Invasion genetics of Ponto-Caspian gobies in the Great Lakes: a
“cryptic” species, absence of founder effects, and comparative risk analysis. Biological Invasions 8:61-
78. Crossref, Google Scholar

Taylor, A., G. Rigby, S. Gollashch, M. Voigt, G. Hallen-graeff, T. McCollin, and A. Jelmert. 2002. Preventive
treatment and control techniques for ballast water. In Invasive Aquatic Species of Europe. Distribution,
Impacts and Management Leppaekoski, E., S. Gollasch, and S. Olenin, editors. eds., pp. 484-

507.London Kluwer Academic Publishers. Gooagle Scholar

(UMSGP) University of Minnesota Sea Grant Program1995. Goby found in Duluth-Superior
harbor. Seichenewsletter. September 1995. p. 1. Google Scholar



Wickett, R. G. and L. Corkum. 1998. You have to get wet: a case study of the non-indigeneous Great Lakes
fish, round goby. Fisheries 23:26-27. Gooale Scholar

Williams, R. 1., F. Griffiths, E. Van der Wal, and J. Kelly. 1988. Cargo vessel ballast water as a vector for the
transport of non-indigenous marine species. Estuarine Coastal Shelf Sci 26:409-420. Crossref, Google

Scholar

Wonham, M., J. Carlton, G. Ruiz, and L. Smith. 2000. Fish and ships: relating dispersal frequency to success
in biological invasions. Marine Biology 136:1111-1121. Crossref, Google Scholar

Zitek, A., S. Schmutz, and A. Ploner. 2004. Fish drift in a Danube sidearm-system: II. Seasonal and diurnal
patterns. J. Fish Biology 65:1339-1357. Crossraf, Google Scholar

Editorial handling: Chariles P. Madenjian

Cited bv

Elon M. O’Malia, Lucinda B. Johnson, Joel C. Hoffman. (2018) Pathways and places associated with nonindigenous
aquatic species introductions in the Laurentian Great Lakes. Hydrobiologia 817:1, 23-40.
Online publication date: 3-Mar-2018.

Crossref

Mattias L. Johansson, Bradley A. Dufour, Kyle W. Wellband, Lynda D. Corkum, Hugh J. Maclsaac, Daniel D. Heath.
(2018) Human-mediated and natural dispersal of an invasive fish in the eastern Great Lakes. Heredity 120:6, 533-
546.

Online publication date: 10-Jan-2018.

Crossret

Ken G. Drouillard, David A. Feary, Xin Sun, Jessica A. O'Neil, Todd Leadley, Timothy B. Johnson. (2018)
Comparison of thermal tolerance and standard metabolic rate of two Great Lakes invasive fish species. Journal of
Great Lakes Research 44:3, 476-481.

Online publication date: 1-Jun-2018.

Crossref

Lucie V3eti¢kov4, Libor Mikl, Zdenék Adamek, Vaclav Prasek, Kevin Roche, Pavel Jurajda. (2018) The diet of
reservoir perch before, during and after establishment of non-native tubenose goby. Knowledge & Management of
Aquatic Ecosystems 397:419, 4.

Online publication date: 31-Jan-2018.

Crossref

Carly J. Nowicki, David B. Bunnell, Patricia M. Armenio, David M. Warner, Henry A. Vanderploeg, Joann F.
Cavaletto, Christine M. Mayer, Jean V. Adams. (2017) Biotic and abiotic factors influencing zooplankton vertical
distribution in Lake Huron. Journal of Great Lakes Research 43:6, 1044-1054.

Online publication date: 1-Dec-2017.

Crossref

Amy B. Welsh, Kim Scribner, Wendylee Stott, Maureen G. Walsh. (2017) A population on the rise: The origin of
deepwater sculpin in Lake Ontario. Journal of Great Lakes Research 43:5, 863-870.

Online publication date: 1-Oct-2017.

Crossref

Matthew R. Snyder, Carol A. Stepien. (2017) Genetic patterns across an invasion's history: a test of change versus
stasis for the Eurasian round goby in North America. Molecular Ecology 26:4, 1075-1090.

Online publication date: 27-Jan-2017.

Crossref



Jay R. Stauffer Jr., Jeanette Schnars, Casey Wilson, Richard Taylor and Charles K. Murray. (2016) Status of Exotic
Round Goby and Tubenose Goby in Pennsylvania. Northeastern Naturalist 23:3, 395-407.

Online publication date: 14-Sep-2016.
Abstract & References : Full Text : PDF (693 KB)

Borcherding Jost, Arndt Hartmut, Breiden Sylvia, Brenner Kristan, Heermann Lisa, Hofer Susanne, Leistenschneider
Clara, Lindner Jan, Staas Stefan, Gertzen Svenja. (2016) Drift of fish larvae and juveniles in the Lower Rhine before
and after the goby invasion. Limnologica 59, 53-62.

Online publication date: 1-Jul-2016.

Lrossret

L. Adrian-Kalchhauser, P. E. Hirsch, J. Behrmann-Godel, A. N'Guyen, S. Watzlawczyk, S. Gertzen, J. Borcherding, P.
Burkhardt-Holm. (2016) The invasive bighead goby Ponticola kessleri displays large-scale genetic similarities and
small-scale genetic differentiation in relation to shipping patterns. Molecular Ecology 25:9, 1925-1943.

Online publication date: 27-Apr-2016.

Crossret

Tomas Jiza, Jana Zemanova, Michal Tuser, Zuzana Sajdlova, Roman Baran, Mojmir Vasek, Daniel Ricard, Petr
Blabolil, Arco J. Wagenvoort, Henk A. M. Ketelaars, Jan Kubetka. (2016) Pelagic occurrence and diet of invasive
round goby Neogobius melanostomus (Actinopterygii, Gobiidae) Juveniles in deep well-mixed European
reservoirs. Hydrobiologia 768:1, 197-209.

Online publication date: 23-Oct-2015.

Crossref

Jonne Kotta, Kristiina Nurkse, Riikka Puntila, Henn Ojaveer. (2016) Shipping and natural environmental conditions
determine the distribution of the invasive non-indigenous round goby Neogobius melanostomus in a regional

sea. Estuarine, Coastal and Shelf Science 169, 15-24.

Online publication date: 1-Feb-2016.

Crossref

Irene Adrian-Kalchhauser, Patricia Burkhardt-Holm. (2016) An eDNA Assay to Monitor a Globally Invasive Fish
Species from Flowing Freshwater. PLOS ONE 11:1, e0147558.

Online publication date: 27-Jan-2016.

Crossref

Erin M. Burkett, David J. Jude. (2015) Long-term impacts of invasive round goby Neogobius melanostomus on fish
community diversity and diets in the St. Clair River, Michigan. Journal of Great Lakes Research 41:3, 862-872.
Online publication date: 1-Sep-20135.

Crossref

F Azour, M van Deurs, J Behrens, H Carl, K Hiissy, K Greisen, R Ebert, PR Mgiller. (2015) Invasion rate and
population characteristics of the round goby Neogobius melanostomus: effects of density and invasion

history. Aquatic Biology 24:1, 41-52.

Online publication date: 4-Aug-2015.

Randal J. Snyder, Lyubov E. Burlakova, Alexander Y. Karatayev, David B. MacNeill. (2014) Updated invasion risk
assessment for Ponto-Caspian fishes to the Great Lakes. Journal of Great Lakes Research 40:2, 360-369.

Online publication date: 1-Jun-2014.

Crossref

Brianna E. Houston, Anna C. Rooke, Jacob W. Brownscombe, Michael G. Fox. (2014) Overwinter survival, energy
storage and reproductive allocation in the invasive round goby ( Neogobius melanostomus ) from a river

system. Ecology of Freshwater Fish 23:2, 224-233.

Online publication date: 3-Jun-2013.

Crossrel’



Erik A. McDonald, A. Scott McNaught, Edward F. Roseman. (2014) Use of main channel and two backwater habitats
by larval fishes in the Detroit River. Journal of Great Lakes Research 40, 69-80.
Online publication date: 1-Jan-2014.

‘.;il\\:,_“

Margaret A. Van Guilder, Nancy E. Seefelt. (2013) Double-crested Cormorant (Phalacrocorax auritus) chick
bioenergetics following round goby (Neogobius melanostomus) invasion and implementation of cormorant population
control. Journal of Great Lakes Research 39:1, 153-161.

Online publication date: 1-Mar-2013.

Crossref

M. Janag, P. Jurajda, L. Kruzikova, K. Roche, V. Prasek. (2013) Reservoir to river passage of age-0+ year fishes,
indication of a dispersion pathway for a non-native species. Journal of Fish Biology, n/a-n/a.

Online publication date: 8-Feb-2013.

Crossref

S. Manné, N. Poulet, S. Dembski. (2013) Colonisation of the Rhine basin by non-native gobiids: an update of the
situation in France. Knowledge and Management of Aquatic Ecosystems:411, 02.

Online publication date: 18-Sep-2013.

Crossref

Michal Janag, Ludgk Slapansky, Zdenka Valova, Pavel Jurajda. (2013) Downstream drift of round goby (Neogobius
melanostomus ) and tubenose goby (Proterorhinus semilunaris ) in their non-native area. Ecology of Freshwater
Fish22:3, 430.

Crossref

Jacob W. Brownscombe, Michael G. Fox. (2012) Range expansion dynamics of the invasive round goby (Neogobius

melanostomus) in a river system. Aquatic Ecology.
Online publication date: 2-Feb-2012.

Crossret

M. S. Kornis, N. Mercado-Silva, M. J. Vander Zanden. (2012) Twenty years of invasion: a review-of round goby
Neogobius melanostomus biology, spread and ecological implications. Journal of Fish Biology 80:2, 235-285.
Online publication date: 23-Jan-2012.

Crossref

Jacob W. Brownscombe, Michael G. Fox, Julie R. Marentette, Adam R. Reddon, Mirjam Groen, Natalie M. Sopinka,
Susan E. Marsh-Rollo, Sigal Balshine. (2012) Is there a role for aggression in round goby invasion

fronts?. Behaviour149:7, 685-703.

Online publication date: 1-Jan-2012.

Michael P. Lynch, Allen F. Mensinger. (2011) Seasonal abundance and movement of the invasive round goby
(Neogobius melanostomus) on rocky substrate in the Duluth-Superior Harbor of Lake Superior. Ecology of
Freshwater Fish, no-no.

Online publication date: 4-Aug-2011.

Crossref

Julie R. Marentette, Grace Wang, Stephanie Tong, Natalie M. Sopinka, Matthew D. Taves, Marten A. Koops, Sigal
Balshine. (2011) Laboratory and field evidence of sex-biased movement in the invasive round goby. Behavioral
Ecology and Sociobiology.

Online publication date: 19-Jul-2011.

Crossref

Keith B. Tierney, Ashley V. Kasurak, Barbara S. Zielinski, Dennis M. Higgs. (2011) Swimming performance and
invasion potential of the round goby. Environmental Biology of Fishes.



Online publication date: 4-Jun-2011.

Crossref

ARNE W. NOLTE. (2011) Dispersal in the course of an invasion. Molecular Ecology 20:9, 1803-1804.
Online publication date: 14-Apr-2011.

Crossref

Lee F. G. Gutowsky, Michael G. Fox. (2011) Occupation, body size and sex ratio of round goby (Neogobius
melanostomus) in established and newly invaded areas of an Ontario river. Hydrobiologia.

Online publication date: 17-Apr-2011.

Crossref

P. M. Kocovsky, J. A. Tallman, D. J. Jude, D. M. Murphy, J. E. Brown, C. A. Stepien. (2011) Expansion of tubenose
gobies Proterorhinus semilunaris into western Lake Erie and potential effects on native species. Biological Invasions.
Online publication date: 26-Feb-2011.

Crossref

JENNIFER E. BRONNENHUBER, BRAD A. DUFOUR, DENNIS M. HIGGS, DANIEL D. HEATH. (2011)
Dispersal strategies, secondary range expansion and invasion genetics of the nonindigenous round goby, Neogobius
melanostomus, in Great Lakes tributaries. Molecular Ecology, no-no.

Online publication date: 24-Feb-2011.

Crossref

M. Vagek, T. Jiza, M. CEch, M. Kratochvil, M. Prchalové, J. Frouzové, M. Riha, M. Tuser, J. Sed’a, J. Kubetka.
(2011) The occurrence of non-native tubenose goby Proterorhinus semilunaris in the pelagic 0+ year fish assemblage
of a central European reservoir. Journal of Fish Biology, no-no.

Online publication date: 11-Feb-2011.

Elizabeth A. LaRue, Carl R. Ruetz, Michael B. Stacey, Ryan A. Thum. (2010) Population genetic structure of the
round goby in Lake Michigan: implications for dispersal of invasive species. Hydrobiologia.

Online publication date: 6-Dec-2010.

Crossref

Luis A. Vélez-Espino, Marten A. Koops, Sigal Balshine. (2010) Invasion dynamics of round goby (Neogobius
melanostomus) in Hamilton Harbour, Lake Ontario. Biological Invasions 12:11, 3861-3875.

Online publication date: 28-May-2010.

Crossref

Mats Bjorklund, Gustaf Almqvist. (2010) Rapid spatial genetic differentiation in an invasive species, the round goby
Neogobius melanostomus in the Baltic Sea. Biological Invasions 12:8, 2609-2618.

Online publication date: 11-Dec-2009.

Crossref

Matthew S. Kornis, M. Jake Vander Zanden. (2010) Forecasting the distribution of the invasive round goby
(Neogobius melanostomus) in Wisconsin tributaries to Lake Michigan. Canadian Journal of Fisheries and Aquatic
Sciences 67:3, 553-562.

Online publication date: 1-Jan-2010.

Crossref

Benjamin Meunier, Stan Yavno, Sameen Ahmed, Lynda D. Corkum. (2009) First Documentation of Spawning and
Nest Guarding in the Laboratory by the Invasive Fish, the Round Goby (Neogobius melanostomus). Journal of Great
Lakes Research 35:4, 608-612.

Online publication date: 18-Nov-2009.
Abstract & References : Full Text : PDF (803 KB)




Todd A. Hayden, Jeffrey G. Miner. (2009) Rapid dispersal and establishment of a benthic Ponto-Caspian goby in
Lake Erie: diel vertical migration of early juvenile round goby. Biological Invasions 11:8, 1767-1776.
Online publication date: 2-Oct-2008.

L rossre

W. N. Probst, R. Eckmann. (2009) The influence of light on the diel vertical migration of young-of-the-year
burbot Lota lota in Lake Constance. Journal of Fish Biology 74:1, 150-166.
Online publication date: 1-Jan-2009.

t

Crossret

JOSHUA E. BROWN, CAROL A. STEPIEN. (2008) Invasion genetics of the Eurasian round goby in North America:
tracing sources and spread patterns. Molecular Ecology.
Online publication date: 1-Dec-2008.

{ 1 ~ = +
L rossrel

Margot A. Bergstrom, Lori M. Evrard, Allen F. Mensinger*. (2008) Distribution, Abundance, and Range of the
Round Goby, Apollina melanostoma, in the Duluth-Superior Harbor and St. Louis River Estuary, 1998-2004. Journal
of Great Lakes Research 34:3, 535-543.
Online publication date: 1-Sep-2008.

Abstract & References : Full Text : PDF (606 KB)
Silvia N. Dopazo, Lynda D. Corkum®*, Nicholas E. Mandrak. (2008) Fish Assemblages and Environmental Variables
Associated with Gobiids in Nearshore Areas of the Lower Great Lakes. Journal of Great Lakes Research 34:3, 450-
460.
Online publication date: 1-Sep-2008.

Abstract & References : Full Text : PDF (443 KB)
JOSHUA E. BROWN, CAROL A. STEPIEN. (2008) Ancient divisions, recent expansions: phylogeography and
population genetics of the round goby Apollonia melanostoma. Molecular Ecology 17:11, 2598-2615.
Online publication date: 2-May-2008.
Crossref
Yuriy Kvach and Carol A. Stepien®. (2008) Metazoan Parasites of Introduced Round and Tubenose Gobies in the
Great Lakes: Support for the “Enemy Release Hypothesis”. Journal of Great Lakes Research 34:1, 23-35.
Online publication date: 20-Jan-2009.

Abstract & References ; Full Text : PDF (239 KB)
J. L. Ohayon, C. A. Stepien. (2007) Genetic and biogeographic relationships of the racer goby Neogobius
gymnotrachelus (Gobiidae: Teleostei) from introduced and native Eurasian locations. Journal of Fish Biology 71:sc,
360-370.
Online publication date: 1-Dec-2007.

Crossref




