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Executive Summary

Bighead carpHypophthalmichthys nobiliand silver carpH. moitrix are nuisance invaders of the
Mississippi River System and potential invaders of the Great Lakes. The threat for colonization of the
Great Lakes by bighead and silver carp is imminent. The US Army Corps of Engieglisying a
seriesof localizedwaterborne electric fields in the Chicago Sanitary and Ship Canal (CSSC) to act as
barriersto dispersal of aquatic nuisance species through the waterway.

Five indepedent experiments were conductedn a controlled settingto identify and elucidate
relationships between risk for breach of Electric Barrier IIA andctigracteristics of the waterborne
electric fieldsfields, waterconductivity, fish behavior, and water velocity

A Gonceptual RisModel for Barrier Effectiveness

Biological factors Environmental factors Technical factors

fish species water conductivity type of current
fish size water velocity field strength
physiology water temperature pulsefrequency
behavior water depth pulseduration
swimming speed habitat field size
field distribution

field orientation

was devised to provide a framework rfainderstanding barrierfunction, to aid development of
hypotheses for testingand to provide direction forresearch and development. These factors are
hypothesized to influence risfor breach of the Barriers. Factors directly tested in the experiments
included: fish size, behavior, water conductivity, water velocity, field strengthg{idquency, and
pulseduration.

In a pilot studyconducted April2009, an operational protocolfd0.79 V/cmfield strength, pulse
frequencyof 15 Hz and pulsduration of 6.5 mavas demonstrated effective for immobilizing juvenile
silver carpof 137 to 280 (average + SD; 195 = 35) mm total length. This operbgimtacol is presently
in useon the CSSC.

Experiments orithe effectiveness of various opefanal protocols toimmobilize encroachingmall (51

¢ 76 mm)bighead carpwere conducted September December 2009. Simulations developed for the
experiment employed the hypothesizedorst case scen@ for preventing passage tie targetedfish:

(1) encroachindish weresmall, (2)encroachindgish were swimming at the surface of the Canal, (3) fish
penetrating the electric barrier continued upstream despite receiving electrical stimulugeridpw or

no water current and, (5 fish traversed the barrieat their maximum sustainable swimming speed. The
FS, PF, PL, L, Plmiodel developed from the simulations provides the best information available
regarding the likelihood of immaobiliziregnallbighead carp encroaching upon Electrarier [IA. Several

of the operational provcols tested reducedisk for failureto immobilizesmallbighead carpompared

to the protocol presently in use on the CSSC. Risk was significantly reducqulisgirequeng/ of 30

Hz when applied aan ultimate field strengthof 0.91 V/cmand pulsedurations of2.5 ms.Outcomes
indicate that penetration of thelow field of Barrier 1IA by bighead carp is likely, regardless of the
operatioral protocol employedof those tested. The shamply increasing gradients of the risisgle of

the high fieldof Barrier 11A, howevemre expected toserve as doundaryfor upstream penetration of
the barrier by smallfish, when operational protocols demonstratedfective in the experiment (e.g.,
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ultimate field strength:0.91 V/cm; pulsefrequency 30 Hz; pulseluration: 2.5 ms)are applied.The
extent to which fish pnetrate the fields of the barriersvill be inversely related to fish length.

An experiment evaluatg effects thatwater conductivitymay haveon the effectivenessof the barrier
for immobilizing small bighead carpwas conducted October, November 2009.Variation in the
conductivity of Canal water important to barrier operatiorbecause of power denmals and mismatch
in conductivitybetween water and fish; when condueity of Canal water increasgsower demand
increases and the efficiency of power transfer from whtene fieldto fish decreasesFish effective
conductivity () was estimated to be 90 pS/crAnalysis ofvater conductivitymeasurescollectednear
the barriers collectedOctober 1998¢ April 201Q provided 981 (+ 402) uS/cm as the megrecific
conductivity of water in CanaFuther, there was aseasonalcomponentto fluctuations inwater
conductivity, as maximum values occurred from December through March (348597 uS/cnu In
simulations of encroachment, 80100% of fish wee immobilized wherprotocols 0f0.79¢ 0.91 V/cm
ultimate field strengthpulsefrequency of30 Hzand pulseduration of2 ms were applied in water from
100 to 4000 B/cm conductivity. Power goals were developed for varimperational protocolgo guide
selectionunder conditions of exa@s power demandsn the barriersccausedby high water conductivity

Volitional challenge of electric fields bgmall bighead carpwas evaluatedviarch ¢ April 2010in a
racewayexperiment A water current velocity o ¢ 7 cm/sprovidedmotivation forthe youngof-year
bighead carp to swim upstaen (positive rheotaxis) Outcomes supported thessumption inthe
simulations (described previously)hat bighead carp wouldontinue into fields of higher intensity
despite receiving electrical stimulatiom sometrials, ish challengel the electric fieldrepeatedly, often
immediately upon rightingafter incapacitation igurredin previous attempts. Theebehaviorsndicate it
prudent to assume thasmallbighead carpvill not avoid tte highfield of Barrier IIA, butvill repeatedly
penetratethe electricfield to the extent possibleThus,the high field ofBarrierllAshould be operated
at levels adequate to stutargeted invasive carps.

The influence of water velocitgnd operational protocobn risk forbreachof Barrier IIAvas evaluated
in an abbreviatedexperimentconduded March¢ April 2010.Risk for fish to maintain position in an
electric field in the simulationswas inversely related to water velocitiBased on outcome# the

experiment risk to breach Electric Barrier lig\expected to beeduced under conditions of flow velocity

¥ Mp OYkNSS RO2(Y2L) 6 KSy FroimMérchih@oughJume 2@1Y; kha ificidence of reverse

flow was rare (< 0.1%), with rates sufficient to induce positive rheotaxis even more rare.\iae®@

single occurrence (1/169,748) of reverse flow that may challenge the swimming capabilities i 51
mm bighead carp during this periodnder conditions of no water flow in the Canal, the motivation for

fish to challenge the electrical barrier i:aertain but this is aworst-casescenario for preventing
passagewnhen fish encroachupon the electric barrierUnder canditions of flow,encroachingfish that
attempt to reduce electrical exposurgbody-voltage by turning perpendicular to the directioof
electric current flowsimultaneously orient perpendicail to the direction of water flow and arswept
downstream.From January 2005 through June 201¥krage daily water current velogitvas ~22 cm/s
near Lenont, IL Assuming a directalation betweenthe measurestaken nearLemont, IL and the
velocity offlow at the Barriersduring this periodiaily water flow velocity eceeded 50 cm/®n 4% of
the days idicatingthat if motivated,smallbigheal carp could haverogresgd upstream to challenge
GKS I NNASN 2y ez 2F ok R%kRithe daysxflonr&d tRatrddiced rigkl
for fish to maintain position in the electric fieldZ @St 2 OA G & & | & thekdays (a @0k
adequate to motivatesmadl bighead cargo swim upstrearmin the experimenbn volitional challenge of
electric fields described previous)y Outcomes indicate that nder conditions of increased flow,
operational protocolscould be reducedwithout loss of barrier efficiengybut additional research to
develop and test relations between flow velocity and risk faawh of the barrier isecommended

D¢ ax
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1 ¢ Pilot Sudy on Effective Eectrical Parameters for Incapacitating Juvenile
Silver Carp

Constructed forwastewater managementand shippingaccess between the Great Lakes and the
Mississippi River System, the Chicago Sanitary Gdmjal (CSSC)agpotentialconduit for exchange of
invasive aquatic species between the systems. Colonizing aquatic invaders have been discovered in the
CSSC (e,goound gobyNeogobius melanostomugebra musseDreissena polymorphdollowingtheir
introduction to the Great Lakes (Charlebois et al. 1997). Invagis@n carp,bighead carp
Hypophthalmichthys nobiliand silver cargd. moitrix, have established rapducing populations in the
Mississippi River System. The life cycle of these figtebgdes prespaw upstream migrationsAsian

carp have been reported in the lllinois River, downstream from the CSSC since 2005 (Stahltook
2005). A bighead carp was recently collected approximately 5 river miles downstream from the system
of electric barrierooperatingon the Canal (lllinois Department of Natural Resources 200%re is an
imminent threat of invasion of the Greatkes by bighead carp and silver carp with the CSSC serving as
an invasion pathway.

The Army Corps of Engineers operateseses of pulsed DC electric barriets the block dispersal of
aquatic nuisance species through the CS®ie most upstream barrigidesignated Barrier 1), designed

and constructed as a demonstration project, has been in operation since April 2002. A second barrier
(designated Barrier lIAyyhich covers more aredthe electric fieldcoversthe Canal from sidéo-side

and about 44meters (m)in the upstreamdownstream directiohandis capable of generating electric
fields of significantly greater intensitgthan Barrier |, became operational in 2009. A third barrier
(designated Barrier lIBgurrentlyunder constructionis planned to lecomeoperatioral late 2010.

The primary systems in electric barriers include the physical structure, a collection of electrodes, and the
power supply (Sternin et al. 1976)he electrode array provides the interface between the onshore
system and enviramental water.Early electric barriers typically employed singhase or thregphase
alternating current (AC). In the 1950s, pulsed direct current (pulsed DC) was found effective for guiding
or blocking passage of fish (Halsbal®b7) and replaced or augmented the use of AC, sometimes to
prevent or reduce fish mortality (McClain 1957; Hunn and Youngs 1280power supplies have
become more powerful and sophisticated, a monitorzagntrol system hasdrome thefourth system
necessary in the modern electric barrier Most early electric barriers employed vertical, hanging
electrodes, but bottorrmounted cablelike electrodes have become more common (Hunn and Youngs
1980; Swink 1999)This arrangement of the electrodes ensures maximexposure to fish swimming
upstream.The electric barriers operating on the Chicago Sanitary and Ship Canal, employ pulsed DC and
crosschannel, bottommounted electrode systems.

The operation and function of electric barriers is based on incorporati@meironmental watetinto an
electrical circuit chiefly composed of conductors (submersed electrodes) and a source of electrical
energy. In this circuit, environmental watend local environment act as @ath for electrical current
flowl Yy R (0 K S esistangel) fRthe ciectitl When a difference in electrical potential [voltage (V)] is
applied to the submersed electrodes and the circuit closed, electric current flows through the water
creating an electric field. The quantity of electric current flowihgough the circuit is determined by

the voltage applied to the electrodes and the resistance experienced by the circuit, which is directly
related to the ability of the water to conduct electricity (that is , the conductivity of the water). The
conductivity of the water is determined by its concentration of ions (the charge carriers).
Electromagnetic forces of attraction and repulsion, the local environment, and electrode orientation,
size, and spacing determine the distribution of electric current invilager. In general, the strength of

the electric field increases with proximity to the electrodes in both the vertical and horizontal aspects.

4
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The electric energy outputy theelectricBarriers on the CSS€n bedescribed by the voltagef the DC
pulsesapplied to the éectrodes, the frequency at which tH2C pulsesre applied, and duratioof each
DC pulseThe chamcteristics of the electric energy applied to the electrodssthe electric barrier
power system aralirectly reflected in the waterbornelectric field. The strength of the waterborne
electric field(i.e., field strength)measuredasthe change in voltage (in thield) per unit distance, is
directly proportional to the voltage applied to the electrodd@$ie waerborne electric field pulssat the
rate which the pulses of DC are applied to the electrodeedsuredin cycles per second (Hz)he
duration of the pulses of the electric field (i.e., theulseduration) matches the duration othe DC
pulsesapplied to the electrodes (measured milliseconds, ms)lhe ratio of the pulseluration to the
period of the puse (the period is the repetitiotime for the pulsé is referred to as the duty cycle and
usually reported in percent (%).

Electric barriers, electric screens, and electrical goig systems, are regarded as behavioral
technologies that function by inducing fright and avoidance responses in fish to block passage or direct
movement. There is a long history of electric barriers and electric screens (e.g., McMillan 1928) usage in
fisheries management, but relatively few published evaluations on the effectiveness of these systems.
There are even fewer published accounts of comparative tediisecélectrical parameteremployed by

the systems. The design and operation of electric barriers are often site, species, and circumstance
specific (Stewart 1990a). The individuality of the systems and their operations may render available
information inapplicable to other facilities (Johnson &tk090) driving the need for researctpecific to

the Barriers operating on the Canal.

Initial evaluations ofelectric barrier effectivenessemployed adult common car@yprinus carpioas
Asian carp have only recently been collected in the vicinity efellectric barrierson the Cana(lllinois
Department of Natural Resources 2008necdotalevidenceand field studyindicated that Barrier |,
which wasconstructed to demonstratand testthe technology waseffectivefor preventing upstream
passage ofdult common carpCyprinus carpiocAnecdotalobservations fromJuly 2002suggestthe
barrier was effective at preventing upstream passage adult common carp, as numerous adult
common carp were observed maintainipgsition immediately downstream of thearrier (Sparks et al.
2004). Field evaluation®f Barrier lwere conductedn 2002, 2003, and 2004, usiagoustie or radio-
taggedcommon carp(Dettmers and Creque 2004; Sparks et al. 2004), wtegggedfish were released
below the barrier. Of 115 fishimplanted with transmitters97 were located byixed receivers at the
dispersal barriemand mobile tracking accounted for 111 of thenmefe wasone known breach fothe
barrier by a tagged carp; on 3 April 2003, fixedliio receivers indi&ted a fishtraveled upstream
through Barrier |. Barrier | was operating normally before, during, and immedig after the breach
(Sparkset al. 2004). hvestigation of the incident revealedhdt thisfish may have beenpulled through
the electric field entrained bya commercial vesselhe fish was later located 1.5 miles upstreahihe
barrier, believeddead.The incident demonséited commercial traffic in theabalmayinfluence barrier
efficiency and led to the development of corrective measures (Dettmers et@h)20

In response to the breach of the barrien 3 April 2003, theoperational protocol for Barrier | was
changed; thepulse rate andduty cycle were increased from ZH).4% duty cycl@ ms pulse duration)
to 3 Hz,1.5%duty cycle(5 ms pulse durationl ater in 2003Barrier | operational protocol was changed
again, pulsdrequency wasncreasel to 5 Hz and duty cycle to 20 ms pulse duration)rhe maximum
field strength was maintained &.4 VV/cm. There have been no furtheeports of tagged fish crossing
the electricbarriers.

Initial field evaluations of the electric dispersal barriers employed common carp as surrogates for Asian
carps.In a study of electric and acoustitibble barriersinitiated in 2001, efficiencies of eleatriand

5
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acousticbubble barriers in blocking passage lwfhead carpand silver carp were evaluatedin a
raceway experimentln the study, passage ofbighead carpwas prevented by an electric field
characterized by Hz, 1.5% duty cycl®.Q millisecondpulse duration)]; 100% (59/59) of attempts to
traverse the field were thwarted_arge bighead carp were reported as very sensitive to electric fields
(Dettmers and Pegg 2003SIver carp, howeer, successfully breachete electricfield. Subsequent
testing succeeded impreventing the passage of small silver catpough the electric field but the
electrical parametersvere high andnot within practical limits for use on the Chicago Sanitary and Ship
CanalPegg and Chick 200Begg and Chick 2004)

It iswell establishedin the context of capturingvild fish with electricity)that the reactions of fish to
electrical exposurare often size and speciegslependent (Taylor et al. 195Biwas 1971Edwards and
Higgins 1973Seidel ad Klima 1974Bird andCowx 1992)The phenomenon of larger fish having lower
thresholds of response to a given electric field than smaller fish is significant. The phenomenon of larger
fish having lower response thresholds than smaller fish has been attributed to the bigher fi
intercepting a greater potential difference (in a given electric field) than small fish (Halsband 1967).
Maximum susceptibility to an electrifield may occurat different pulsefrequencies among fishes
(Edwards and Higgins 197Rird and Cowx 1992pifferences in vulnerability amondissimilarspecies

can be manifested as electrical stimulus leading to immobilization in one species, but flight in another
(Seideland Klima 1974; Holliman 199&Jowever, he differences irrate of passagelemonstrated ly

the bighead carp and silver carp in therk by Pegg and Chick (2004)s/i&ely driven bythe large
difference insize between the groups dish @y specieslusedin the tests as thebighead carpusedin

the experimentwere » ¢ n sin leYigthandthe silver carg ¥ S NS XX Bighead oang @nd silver

carp are are similar enough to hybridi@eolar et al. 2005)Thus,differences in response telectrical
stimulation areexpected to be subtlébut this hypothesis has not been testeéthe breach of thelectric

field in the experiment by small silver carpthe experiment of Pegg and Chick (208dinonstrated a

the need for additional research on the effectiveness of the electric barrietseo@anal fosmall fish.

The presentstudy was the first step ina comprehensive evaluation @perating parameters for the
electric barriers on the Chicago Sanitary and Ship Gandleterrence of small invasive carfSpecific
objectives for this work were to search for and review relevant scientifiature to aid development
of experimentl approaches angdrotocolsand toconducta pilot experiment on small invasive carphe
research focused othe electric field and operational capabilities Bérrier IIA, the larger and more
powerful of the two éectric barriers presently operating on the Canal.

Methods

A pilot study exploring the effectiveness wdriouselectrical parametercombinationsfor prevening
dispersal ofsmall invasivecarps through the electric barriers in theChicago Sanitary Shiafal was
conducted at theU.S.Army Corp of EngineerdACOE, Aquatic Ecosystem Research Development
Center, Environmental Laboratory, Engineer Research Development CenteEREC), Vicksburg,
Mississippi 20-24 April 2009 Wild silver carp, captured withets, were used in the experiment. Fish
were capturedby the EEERDC Fish Ecology Teand transportedto the host facilitiesvia hatchery
vehicleimmediately prior to the outset of the experimerfiish were held in closed, wateecirculating
culture systemsdeveloped by EERDC personnel forork with invasive carp (Figure-1.), prior to use

in the experiment The EAERDC supplied fish, fédds, equipment andther critical logistic supmrt for

the study.
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Figurel ¢ 1. Closedvater-recirculatingsystems Captured juvenile silver carp were held in closed wa
recirculating systems at the.8 Army Corp of Engineers, Aquatic Ecosystem Research Develo
Center, Environmental Laboratory, Engineer Research Development CentBRIE} Vicksburg
Mississippi during the pilot study on operating parameters for electric barriers on the Chicago S
Ship Canal. The experiment was conducte2®pril 2009.

Estimations of theén-water field strength [volts (V)/centimeter (cmJulseduration[milliseconds (ms)]
and pulsefrequency(Hz)output capabilities othe Barrier 1I1A were needed to insureahoperational
protocols evaluatd in the experimentcould be generatedn the Canaby the system A software
application was developedin the Microsoft EXCEL (2004preadsheet program to estimate the
maximum pulsedurationthe electric barrier powesystem could sustain vilb generatingin-water field
strengths from @ to 1.5volts/cm (in increments of @4 V/cm) and pulsdrequencies from 0.1 to 40 Hz
(in increments of 0.1 Hz). Constraints in the models included a maxewoaptabled 2 £ G 3S & RNER 2 LJX
the pulses, anaximumpeak electrical output of 1.fnegawatts, maintenance of appropriate levels of
electrical current andghargingtimes forcapacitor bank in the systemanda water conductivity of 2000
pS/cm. The simulatio outcomes were usedas aguide in selection of operational protocolsfor
evaluation inthe experiment.

Fish were exposed to electrical treatments in248 cmx 61 cmx 56 cmfiberglass tank outfitted with

identical plate electrodes. The electresl were positioned parallekepaated by 150 cm, extended
above the water surface and covered the entire cresstional area of the tank (Figure¢l?2). Thus,

generating a homogeneous electric field (Holliman and Reynolds 2002).
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Figure 1¢ 2. Exposure tankin the pilot study evaluating electrical parametéos use on the Chicag
Sanitary and Ship Canal, juvenile silver carp were exposed to electrical treatmen&3h lger (1)
dielectric tank. The tank electrodes were positioned parallel to one another in the tank, coverg
entire crosssection of thetank, and extended above the surface of the water, creating a homogen
electric field. The tank electrodes were flat, perforated stainless steel plates (insert). The expe
was conducted at the EREEL,, Vicksburg, Mississippi20 April 2009.

Clah netting stretched tautly over aactangular plastic frame fittetb the internal dimensions of the
tank prevened fish from incurring physical injury through contact with the walls of the tank and
electrodes during the electrical exposures. Sheetseadrgblastic affixed to the top of the internal frame
prevented fish from leaping from the tankhile allowing visualobservation of fisbehavioralresponses
during treatments (Figuré ¢ 3).

A computer controlled, customized, Model B Programmable Oput Waveform (POW) Fish Barrier
Pulsator (SmithRoot, Inc., Vancouver, Washington) served as the power supply for the exposure tank
(Figue 1¢ 4). The duration and frequency of the DC pulsepplied to the tank electrodesnd the
duration of the exposwes (3 seconds)was programmed into the BP5 POW with Fish Barrier
Technology Control Software (Smioot, Inc., Vancouver, Washington). A calibrated, digital
oscilloscope was used to confirm thieltageapplied to the electrodes and other electricalrpeeters

that defined the electrical treatments (Figute; 4).
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Figure 1¢ 3. Netting and cover for the exposure tark frame constructed from PVC pipe was cove
with a double layer of cloth netting and inserted into the exposure tank to prevent silver carp
making contact with the sides of the tank and electrodes. A clear plexiglass cover prevented sily
from leaping from the exposure tank during the electrical treatments while allowing visual obser
of fish responses. The pilot study was conducted at the ERD®icksburg, Mississippi280 April 2009.

Figure 1¢ 4. Power supply for the exposure tank. A customized Fish Barrier Pulsator-{EFPPOW,
SmithRoot, Inc.) was used as the power supply for the exposure tank. FhesBFOW was customize
with a discreteeight-step transformer and an analog variable nsfiormer to allow gross and fin
adjustment of the electrical output. B. A digital oscilloscope was used to measure the electrical
of the system. The DC pulngth and frequency and the exposure period were programmed intg
BR1.5 POW using ctesn Fish Barrier Technology Control Software.
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Electricatreatments were administered to fish individually (one at a time). The treatments were applied
as a series of 8econd exposures tpulsed DCwhich wascharacterized by combinations of frequency
and pulseduration. In the treatments, fish were exposed to pulsed DC at eight levels of field strength,
with field strength increasing with each exposure, with the 3 s exposures iptedby 2¢ 3 s of no
electrical exposure (necessary for equipment athuents). The cumulative electrical exposure period
was 24 secondd.he maximum field strengths applied in soofehe electrical treatments exceeded the
present capabilities of Barrier IlA to providaluabledata had thefield strengths necessary to block the
passage of small silver cdvpen beyond present system capabilities

Fish responsevere monitored during and after eacklectrical exposure.Electrical treatmentsvere
terminated ifthe fish being tested became ingacitated (indicated by loss of equilibrium and cessation
of swimming movements)The ime betweenthe electricalexposuresin the treatmentswas kept to
the minimum and was typically less tharfBZeconds. Ambient water conchivity in the test tank was
687 to 765 nB/cmduring the tests Water temperature wa21.1¢ 23.3 (21.4 + 0.7) °@ish response
was reported as cumulative percentage (%) of fish withéiche experimental groupncapadated
(stunned) ateach ofthe levels of field strengthppliedin the treatment

Results

Electrical treatment dection was based on simulatiod BarrierllA output capabilities (Figuré - 5).

Inverse relationsvere demonstrated between the maximums of pulderation, pulsefrequency, and
the field strength thatcan be sustained kiyne Barrier lIAower system Field strengths greater thath.5

V/(cm) exceed thetheoretical capabilities ofvarious electrical components iBarrier 11A;1.5 V/icm

ultimate field strength is regarded as the upper limit for Barrier IIA.

Barrier IIA wagperating at dield strength of 0.4 V/cm, pulskequency of 5 Hz, and pulskiration of4
ms atthe time of the experimentThe plse frequeng appliedin the electrical treatments equaled (5
Hz) or exceedd (10 Hz, 15 Hz}hat being autput by Barrier 1lAon the Gnal (at the time of the
experimen). The range of field strengths applied in each treatmemtre dependent uponthe pulse
length and frequency combinatiorin some cases, the amimum field strengthsn some treatments
exceeard the output capabilities of thesystemto provide neededinformation, had field strengths
within the present barrier capabilities proven inadequate for stunning fish (Tlable).

The response of silver carp to electrical exposure was evaluated intB(efight fish per treatment).
Considerably mre fishhad been captured andiere available for use. dwvever, fish responsdo the
electrical exposures changed significantly aftee tbecond day of the expenent (second day of
captivity). The change walkely a result of cumulative stress from captuteansport, and new
environment Thus, @ta colection ceased to prevent bias pfeviously collected information. Fish used
in the experiment were 137 to 280 (average + SD; 195 * 35) mm total length agldeddrom 20.3 to
469 (73 + 63) grams (Figute; 6).

Cumulative percentage of fish stunned duritite electrical exposure varied markedly among the
treatments (Figurel ¢ 7). Electrical treatments employing DC pulses of 4.8 milliseconds, 8.9
millisecands, aml 13.8 millisecondat 5 Hz and field strengths 6f4 ¢ 1.9 Vicm, 03-1.4 V/cm, 02-0.9

V/in (respectively) stunned 38%, 63%, and 25% of fish exposed. Of the four electrical treatments
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Figure 1¢ 5. Barrier output capabilitiesA contour ploof the estimated maximum pulsguration (ms) and
field strength (volts/cm) that can be sustained by Electric Barrier IlA as a function of the pulse fre
(Hz).The émulations of output capabilities guided selection of electrical treatments applied in the
experiment on juvenile silver carp conducted at the EfRDCVicksburg, Mississippi20 April 2009.
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Figure 1¢ 6. Lengthfrequency histogramHistogram of silver carp total length (mm) for silver canghe
pilot study evaluating operational protocols for electric barriers operating on the Chicago Sanitary ar
Canal. The tests were conducted at the Environmental Laboratory, Engineer iRbs&evelopment
Center, Vickburg, Mississippi April 2024, 2009.
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Tablel ¢ 1. Electrical treatments in the pilot studyhe electrical #atments fombinations of D@ulse
duration (ms), pulsefrequency (Hz)and in-water field strength (voltstm)] evaluated in the pilot stud
on juvenile silver carp. Individlifish wereexposed toincrementally increasingulsed DC electric fiel
at eight levels of field strength. The exposutoeeach field strength lasted 3 seconds, for a cumul:
exposure of 2 seconds. The tests were conducted at the Environmental Laboratory, Engineer R
Development Center, Viskurg, Mississippi April 2024, 2009.

Electrical treatments
[Pulse frequency, pulse width,-mater field strength (Mém)]

5Hz 10 Hz 15Hz

48ms 89ms 13.8ms 2.4 ms 4.3 ms 98ms 24ms 1.6ms 2.9ms 6.5 ms

Voltage gradient (voltsin)

0.39 0.28 0.16 0.39 0.28 0.16 0.12 039 0.28 0.16
0.59 0.43 0.28 0.59 0.43 0.28 0.16 059 043 0.28
0.79 0.55 0.35 0.79 0.55 0.35 0.24 0.79 055 0.35
0.98 0.71 0.43 0.98 0.71 0.43 0.28 098 0.71 043
1.18 0.87 0.55 1.18 0.87 0.55 0.31 1.18 0.87 0.55
1.34 0.98 0.63 1.34 0.98 0.63 0.39 1.34 098 0.63
1.57 1.14 0.71 1.57 1.14 0.71 0.43 157 114 0.71
1.93 1.42 0.87 1.93 1.41 0.87 0.51 193 142 0.87

utilizing 18Hz pulses of DC (2.4 milliseconds, €.4.9 V/cm; 4.3 milliseconds, 0381.4 V/cm; 9.8
milliseconds, 0.2, 0.9 V/cm; and, 24 milliseconds, G;2.5 V/cm), only the 2.4 millisecond pulses at 10
Hz treatment stunned all fish in the treatmerithe field strength required for 100% effectiveness with
2.4 ms pulsdengths and 10 Hz exceeded the theoretical upper limit for field strength for the electric
barrier (Figures & 5 and 1¢ 7). All of the fish (100%) in each of the treatments utilizi@ydlses of 15

Hz (1.6 milliseconds, 0&41.9 V/cm; 2.9 milliseconds, 06134 V/cm; 6.5 milliseconds, 0Q20.9 V/cm)
were stunned at field strengths within the output capabilities Barrier IIA (Figuggsdnd 1¢ 7).

All fish exposed to 24 ms pullEngths at a 10 Hz frequency (the treatment applying the lowest field
strengths) exhibited escape or avoidance behaviors when exposed at 0.4 V/inch, but no response or
twitch was induced in 63% of those exposed to 0.3 V/inch (the lowest level appliedmayhiadicate a

field strength threshold for escape/avoidance response. Vigorous escape or avoidance behaviors were
demonstrated by all fish exposed to the lowest levels of field strengths applied at the otherl@unigh

and frequency combinations, inclundy the most effective treatments.
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Figure 1¢ 7. Cumulative percent of silver carp incapacitat&@tie cumulative percent (%) of silver cé
incapacitated during electrical exposures, as acfion of field strength (V/ciy during the pilot
experimentconducted at the ERBEL 2624 April 2009.
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Discussion

Published studies directly testing effectiveness of electrical parameters for blocking fish passage are
sparse.Gonsiderable effort and resources have been expended in scientific investigatiatedineate
relations between electrical exposwweand behaviors induced in fish the context of electrofishing
however This electrofishingriented work indicates that the effectiveness of electric fields at producing
targeted behaviors in fish idependent upon biological (e.g., fish species and size), technical (e.g.,
characteristics of the electric field), and environmental dast(e.g., water conductivityZalewski and

Gowx 1990). These principles may provgplicable to the use of electric bréars to block passage of
invasive fishes through the CS8Caddition, he duration of the exposure (s)ay alsanfluence types

and depths of behaviors induced in fish during an expogbternin et al. 1976)

Knowledge of thebreadth of output capabiliies of Electric Barrier IIA was needed to insure that the
electrical conditions simulated in thexperiment were applicable toperations on the CSSCHuman
safety andconcerns forequipment prevent field study to establishe upper limits for barrierelectrical
output. Hence, output capabilities of Barrier IIA were estimated using mathematical simulations based
on specifications and limits of various electronic components in the Barrier [IA Putyatem The
electrical treatmems applied in the expément typically employed combinations ofpulseduration,
frequency and field strength estimatad be within theoutput capailities of Barriers lIAn some cases,

the field strength applied exceededhe estimated capatities of the systemgo provide vduable
information should the electrical parameter combinations falling within the estimated capabilities prove
ineffective at incapacitating juvenile silver carp.

In the present study, captured wild silvearp were exposed thomogeneass fields ofpulsed DC in a
controlled environment This approach allowed simulation of fish response to electrical conditions on
the CSSC while controlling sources of variation common to field studies with waterborne electric fields.
Fish were individually exposed twmntrolled, precise electrical treatments, where electric treatments
were combinations of DC pulsguration and pulsefrequency applied at eight levels of increasing field
strength with the 3 s exposures interrupted by-2 s of no electrical exposurApplication of increasing

field strength in the treatments and cessation of exposures to adjust output were constraints imposed
by the electrical system used in the electrical exposwdsch was state of the art)in the treatments,

the increasing field sengths appliedcan berelated to the extent of penetration into the electrified
zone by a fiskat the surface othe CSSC and the various putegationsand frequencies represent the
electric barriers operating under differing protocolgeld strengthincreased with eacbf the electrical
exposure, in the treatmentsand the exposures were terminated after exposure to a maxinfietd
strength. Thus,he exposures represent penetratiamly into aspecs of the electric field on the Canal

that are increasingin relative field strength Because lkectrical exposure was not continuous in the
treatments, the responses of fish at each expostreNBE 0 Sad Ay i SINIINES R2 FI 40 SoKal y
which canrelated to exposure at various points of intensity withivetelectric field of Barrier IIA, with

the last exposure occurring at the maximum field strength occurring in the electric field of Barrier IIA.

The maximumcumulativeperiod of electrical eposure was24 secondsn the treatments a period of
exposure asociated with fish traversing a distanceddf m(the width of theelectric field of Baier 11A)

at a rate of 183 cm/s. A swim speed of 183 cm/s is in accordanceawéhtimated maximum economic
swim speed for silver carp 200 cm/fish size not providedeported by Konagaya and Cai (198He
maximum field strength in the electric field of Barrier 1l1A occurs approximately 33 m into the field
(electric field simulations are presented in Figure 2). Calibration of the 24 s expoge period with a

33 m penetration of the electric field to the maximum field intensity provides a swimming speed of ~
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138 cm/s. The maximum swim speeds of fish from the cohort used in the study was ~ 140 cm/s
(personal communication, Dr. Jan Hoover, ACEBR&yironmental Laboratory, Engineer Research
Development Center, Vicksburg, Mississippi).

Stewart (1990a) repoed that fish penetrating an electric field may be unable to discern directions of
increasing intensity and continue into the field when neagg electrical stimulation. Hence, the
ultimate field strength in barriers (like those operating on the CSSC) should be capable of stopping
progress of the smallest fisccording to Stewart (1990b), the appearance of the electric barrier may
be criticd. For examplea physicalmarker could be usefulvhen applyingelectric fields to block fish
movement as fsh encountering novel stimuli may approach the stimuli slqwtyiding anopportunity

to encounterthe field slowlyandto learn to avoid the eldcic field.

Inclusion of some novel stimuli in the electrified zones of the barriers on the CSSC, as aids to fish
learning to avoid electric stimulatiorgnd in some cases doubling as deterrents, may be worthy of
investigation. Becauseceway andield gudy indicatesthe electric barriers to be effective for large fish
(Dettmers and Pegg 2003; Pegg and Chick 2003; Pegg and Chick 2004; Dettmers and Creque 2004;
Sparks et al. 2004)the additional stimuli shouldtarget small fish. Stewart (1990b) founthat a
submersed ropegorovided the opportunity for fish to learn to avoih adjacent electric fieldPhysical

markers are not practical for use on the Chicago Cdmmliever,being an obstruction to commercial

traffic. Other stimuli for consideration includight, sound, bubbles, water currents, scents, and
imitations of predators. An important consideration is the graduation of the electric field, where fish of
differing sizes will encounter noxious electrical stimulation at differing depths of penetraiibin the
electrified zone, influencing positioning of alternate stimuti.a test of a composite BioAccoustic Fish
Fence (BAFF) and electric barrier, Pegg and Chick (2004) found effectiveness decreased when the
technologies were combined, compared thet function of each individually. This result could be an
artifact of the experimental design and configuration of the experimental apparatus (the BAFF was
located in the center of the electrical array/field), but illustrates the need for research intoichyb
barriers to prevent unexpected outcomes

In the present study,igh exposed to the 6.5 5 Hz treatment exhibited frightscape responses at

0.16 V/cm. Simulationsf the electric field of Barrier lldemonstrate his level of field strength occurs

atthe@ yI £ adzNFI OS | LIWINRPEAYLF 0SSt & wn TS SHASK2REY asit NSO (N
array with 600 \applied(as operated Spring 200Results from the present study indicate silver carp of

185 mmtotal length and above penetrating the eteified zone to this point would experience electrical

stimulation of a magnitude capable inducing avoidance/escdjgh{f behaviorsFurther, tased on the

simulation, if Barrier lIA was generatibgC pulses d8.5 ms durationat 15 Hz, the field strerly in the

GKAEdK ¢2dzZ R 0S A y18REM sitkericSrp viege thayltalzgntinue upstream, unless

the applied voltage were increased from 800 volts to about 1900 v(iigctric field snulations are

presented in Figure 21).

The results othe present study indicate that juvenile silver cavjthin the size range testefl37 to 280
(average + SD; 195 + 35) mm total ledgtbuld successfully traverse the width of the electrified zone of
Barrier IA, as operated Spring 20@8n qperational potocol of 4 millisecond pulses delivered at 5 Hz
and 039 V/cm ultimate field strength). In the present study, frequencies of 15 Hz were necessary to
stun juvenile silver carp within the range of putbgration and field strength testedThere is some
latitude, however, in the the selection of operational protocols, as several combinations of electrical
paranmeters were showncapable of blocking the passage of juvenile silver carp through the electric
barriers.In the treatments applying pulses of DC atHA the field strength required to incapacitate all
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fish in the treatmentswas influenced bythe duration of the pulses an inverse relation was
demonstrated between the effective field strength and pulse duratwheregreater field strength was

required to incapacitatefish when using pulsesf shorter duration(0.71V/cm, 6.5 ms vs0.98 V/cm,
2.9 msvsl.18V/cm, 1.6 ms) at 15 Hz.
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2 ¢ Effects ofHectrical Characteristicson Passage Preventing Behaviors

Bighead carpHypophthalmichthys nobilisnd silver carpH. moltrix are nuisance invaders of the
Mississippi River System and potential invaders of the Great Lakes. The threat for colonization of the
Great Laks by bighead and silver carp is imminent; bighead carp and silver have established
reproducing populations in the Mississippi River System and their lifecycle includes prespawn upstream
migrations (Kolar et al. 2005). Bighead carp are present in theidliRiver, downstream from the CSSC
(Stainbrook et al. 2005). The presence of invasive Asian carp in the CSSC was confirmed 3 December
20096 KSy | WM TKY écoliedted ufrg R roténoréledenti (lllidois Department of Natural
Resource2009.

The US Army Corpd &ngineers Chicago Distrioperatesa serief localizedwvaterborne electric fields

in the Chicago Sanitary and Ship Canal (CSSC) to act as balispersal of aquatic nuisance species
through the waterway.The design and operation of electric barriers are often site, species, and
circumstance specific (Stewart 1990a). Modern electric barriers, such as thasteucted on the CSSC,
employ crosshannel bottommounted electrode systems. This electrode oridita ensures that fish
swimming upstream will be exposed to maximum field strengHElectromagnetic forces of attraction

and repulsion, the local environment, and electrode orientation, size, and spacing determine the
distribution of electric current (thelectric field) within the water columrn general, the strength of the
electric field increases with proximity to the electrodes in both the vertical and horizontal aspects. The
strength of the electric field is directly proportional to the potentidffelience [voltage (V)] applied to

the electrodes.

Electric barriers, electric screens, and electrical guidance systems, are regarded as behavioral
technologies that function by inducing fright and avoidance responses in fish to block passage or direct
movement. Although there is a long history of using electric barriers and electric screens (e.g., McMillan
1928), there are relatively few published evaluations on the efficiency of these systems at blocking fish
passage. The individuality of the systems ahdirt operations often render available information
inapplicable to other facilities (Johnson et al. 199)ere are few accounts of comparative tests of
electrical parameters for electric barriers and fish guidance systéneseffects of electricity oni$h, in

the context of capture of wild fisthasbeen a topic of scientific interest over the past century, however.

Fishing with electric current in surface waters (electrofishing) has proven an effective method for
scientific sampling of freshwater figfopulations (Reynolds 1996).is well established, in the context of
electrofishing, that the reactions of fish to electrical exposure is speaias$ sizedependent (Taylor et

al. 1957 Biwas 1971Edwards and Higgins 1973eidel ad Klima 1974Bird and Cowx 1992Holliman

1998. Maximum susceptibility to electrical exposure often occurs at different frequencies of pulsed DC,
among species (Edwards and Higgins 18i&2l and Cowx 199XHolliman 1998 These differences in
vulnerability among speciesag be manifested as electrical stimulus leading to immobilization in one
species, but flight in anothdSeideland Klima 1974Holliman 1998 Fish of different sizes (of the same
species) also appear to exhibit their greatest susceptibility at diffepeige frequencies (Edwards and
Higgins 1972). The phenomenon of larger fish having lower threshold values than smaller fish is
significant, as more intense electric fields may be necessary when targeting small fish. This size
selectivity has been attributkto biggerfish intercepting a greater potential difference than small fish.
According to Lamarque (1967) and Halsb&atfb),fish reactions are dependent upon voltage drop per
unit length of fish.Preliminary experimentatiorwith juvenile silver carp has demonstrated that
induction of passagereventing behaviorsn juvenile silver carp varies among combinationsfield
strength, pulsefrequency, and pulséuration (Holliman, this report)
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Hartley and Simpson (1967) and Stewart (1990a) provide gegeigdnce for successful barridesign
andoperation. Hartley and Simpson (1967) suggest that for electric barriers to be successful, graduated
electric fields are necessaryith a graduated field, fish challenging the barrier are exposed to
unpleasant 8muli that increases in intensity and can learn to avoidite extent (width) of the field is
critical (the width is measured in the direction that fish swim), where the width of the field must prevent
fast swimming fish from passing through the eld@d zone under their own power. The width of the

field necessary for success is influenced by the frequency of the DC pulses. The DC pulse rate must
ensure that fast swimming fish cannot pass through or penetrate too deeply into the electrified zone
between pulses. Further, a graduated electric field allows fish to penetrate to the extent that they can,
with larger fish stopping at an earlier stage than smaller fish. The ultimate field strength should be
adequate to stop the smallest fish (Hartley and Sionp1967).

Stewart (1990apnd Zhong (1990) suggetstat knowledge of the behavior of the fish species being
managed is vital for successfully applying an electric barrier in a given circumstance. The motivation for
fish movement is an important considei@an. An example is the drive to reproduce in salmon, where
these fish are often not deterred by extreme hazards. They may make repeated attempts to pass
barriers. Stewart (1990b) relays that the appearance of the electric barrier is critical, that agbhysic
marker may be necessary for electric fields to block fish movement effectivelyis evaluation of
electric barrers for marine fish, Stewart (1990b) foutitht fish swimming into unmarked electric fields
swam vigorously upon electrical stimulatiorither back or through the field. The field was ineffective
because fish were unable to identify and avoie #lectrified zoneFurther, when the field distribution

was nonuniform, fish may not have been able to discern the direction of increasing ibgesgiimming

into rather than out of the electrified zon&Vhen a novel stimulus was coupled with the margin of the
electric field, fish slowed their approach and learned to avoid the electric field (Stewart 1990b).
Simulations of the Barrier IlIA electriield (Figure 2-1) indicate that it meets the criterion for a
successful barrier outlined by Hartley and Simpson (1967), having a graduated electrichelikld
changes gradually, without abrupt changes in field strength over short distances, thgtiercbeing in
proximity to the electrodes.

Anecdotal observations and studies of fish movement indicate Barrier | to block upstream movement of
large fish effectively (e.g., common cagprinus carpioSparks et al. 2004, Dettmers and Creque 2004).
Barrier 1IA has a larger electric field and greater output capabilities than Barrier |. Hence, it can be
expected that Barrier lIA will be at least as effective as Barrier | in blocking large common carp.

There is little published information on the effeaifelectrical exposure on silver carp or bighead carp.
Liu (1990) demonstrated that when usingpBase alternating current, the electric field intensity
required to induce the flight response of 18.3 cm bighead carp and 29.4 cm silver carp to be relatively
stable in water 30 to 1000 uS/cm. Miranda and Dolan (2003) report the relationship between threshold
field strength and water conductivity reported by Liu (198Dpe in accord with power transfer theory.

Lui et al. (1990) found that using a seine netfitied with irregular pulsed DC (irregular hallave
rectified alternating current) improved catch of silver carp and bighead carp over a traditional Beie.
work of Pegg and Chick (2004) on silver and bighead carp indicatedeperdent effectivenes of
electrical fielddfor preventing passagthrough an electric fieldThe recently completed pilot study on
effective operational protocols for electric barriers on the CSSC demonstrated several operational
protocols effective for immobilizing juveniklver carp, but 0.79 V/cm, puldeequency of 15 Hz and
pulseduration of 6. 5 ms was most effective of those tested (Holliman, this report).
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Figure 2¢ 1. A. Simulation of the electric field of Barrier IRepresentation ofhe electric field of Barrie
lIA (in profile) generated vighinite Element AnalysisBarrier [IAemploystwo independent electrode
F2N) ISPYANH RE2VWIBTFIE KEBYWIRIIRNS I FNR I KR
simulation 600 V was applied to the lefield array and 800 V to the higield array similar to operation
of Barrier 1IA spring 200B. Various equipotential linesdlts/cm) in the electric field of Barrier I
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To my knowgdge,there are no other accounts of the effects of various electrical parameters on small
silver carp or bighead carp.

The objective in this phase of the project was to deterntime characteristics of waterborne pulsed DC
fields effective for inducingmmobilization in 79 to 118 mm biglad carp The basic experimental
protocols employed in the pilot study were sufficiethe simulatios of the electric fields(electrical
exposures)n the pilotexperimentg S NB & a G | { it retafivelyiicku@allowidioaly increases in
field strength, in relatively largeteps, with variable time between espures. Refinement of the
simulation of the fields of electric barrienwas neededto improve translation ofobservationsand
inference of resultsHence amore sophisticatecklectric field simulation system was developed in the
interval between pilot study and the present study. The r@mulation system provided a continuous
pulsed DGignalthat couldbe varied in intensity anevas programmable to ensunepeatability. The
simulationsin the present studyepresens significant progress y G KS & a G limp®vedtie (K S
guality ofdata collectedandallowed for betterinference of experimental results.

Based on the outcomes of the pilot studyettenets associated with the use of waterborne electric
fields for capture ofish (e.g., Zalewski and Cowx 1998hd prior work on electric barriers, a conceptual

Risk Model for Barrierftectiveness

Biological factors Environmental factors Technical factors

fish species water conductivity type of current

fish size water velocity field strength

physiology water temperature pulsefrequency

behavior water depth pulseduration
swim speed habitat field size

field distribution
field orientation,

is proposed The conceptual modelvas developed toaid experiment degin, development of
simulations, and hypothesifor testing in the present studyAs with most pioneering research, our
protocols integrated components of accepted scientific methods, with experimental treatment selection
guided by initial and subsequent findings. Our work was accomplished in a controlled environment,
where inwater electical conditions associated with theaRiers on the CSS@ere simulatedin tanks

and soures of variation commonly associated with electrically orierftell studies controlled. Because

of the large number of electrical parameter combinations availattause on the CSSC, screening trials
were necessary to identify a range of promising electrical paraméemsvaluation.

A reliable source of fish for the study was critical, as the availability of wild silver carp and bighead carp
in the size ranges targeted was unpredictable. Facilities and expertise incptinde of bighead carp
were availablepond culture of bigheadarp was arranged by the ACOE, Environmental Laboratory,
ERDC (HERDC) Ecology Team to insure the availability of fish for experiment&wrdcultured
bighead carp were employed as experimental animals throughout the stlidg. study was a
continuation of cooperative efforts between théACOE, Chicago District, th&#-ERDC), Vicksburg,
Mississippiand SmithRoot, Inc. (SRI), Vancouver, Washington.

Methods

A series of experimento evaluate operational protocols fothe electric barriers on the Chicago
Sanitary and Ship Canal were conducted from 3 September to 30 December 2009. The electric barrier
on the Canadire capable of generating an enormous number of combinations of field strength,
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Figure 2¢ 2. Barrier output capabilitiesA contour plotdemonstrating theestimated maximum pulse
length (ms) andultimate field strength (volts/cm) that can be sustain@u the highfield by Electric
Barrier 1A as a function of the pulse frequency (HEhe estimations of theutput capabilities guided
selection of electrical parameter combinatiorepplied in the experimeist on younepf-year bighead
carp conducted at the EREEL, Vicksburg, Mississippi SeptembBrecember2009.

pulsefrequency, and pulséuration (Figure Z; 2). Theultimate field strengt (V/cm), pulsefrequency
(Hz) and pulseduration (ms)testedin combinationwere selected from the simulation dfrrier output
capabilities using a hierarchy of pufsequency (Hz)ultimate field strength (Vém), and pulseduration
(ms). The pulseduration tested with pulsefrequency and ultimate field strengtivas the estimated
maximumfor the combination(Figure 2¢ 2). Thefield strength, pulsdrequency, and pulséuration
tested in combination are referred to @sm operational protocol for brevity

A screening trial, which consisted of five experiments, was conduitteestablish operation and
performance of thenew electric field simulation system andngesfor the electrical parameters that
could prove effectivdor immobilizingyoungof-year bighead carpOperational protocolsapplying10,
15, 20, 25, and 30 Hzere evaluatedin eachof the experimens in the screening trialUltimate field
strengthwas constant within each experiment, but varied among the five experiments. Ultimate field
strengths of 0.79 V/cm, 0.91 V/cm, 1.02 V/cm, 1.14 V/cm and 1.5 V/eraje evaluated in the
screening  trialt.  Percent (%) duty cycle calculated as @ 9@0 OO Q
pTHt 6 aRA @pKhvkere T the period of the pulsgp was calculated with

Y opif 0 aDI0QR 6, Masiconstant within eachexperiment, but pulseluration (ms) varied with
the combination of pulsdrequency and ultimate field strengthThere was an inverse relation in the
pairings of ultimatdield strengthwith % duty cycle, in thexperimentg0.79 V/cm¢ 8% duty cycle.91
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Figure 2¢ 3. Exposure tank for the experiments in the screening.tiibe simulations of encroachme
in the experiments used to screen operational protocols were conducted in a 168 cm X 4
rectangular fiberglass tank. Plate electrodes were used to to create a homogeneous electric fielg
tank. Each simulation wawideo recorded. The screening experiments were part of a n
comprehensive study of operational protocols for the Electric Barriers on the CSSC conducte(
ACOE, EERDC, Vicksburg, MS, 3 September to 30 December 2009.

Vicm ¢ 6.0% duty cycle; 1.02/cm ¢ 5% duty cycle; 1.14 V/cm 4% duty cycle; 1.5 V/crn 2% duty
cycle). The effects of field strength and pulse duration were, therefore, confounded.

The experiments in the screening trial were conducted in a 168 cm x 42 cm rectangular fiberddass tan
filled with water to a depth of 40 cm (FiguregB). The tank was outfitted with two perforated stainless
steel plate electrodes that were positioned parallel, covered the esessional area of the tank, and
extendedabove the water surface. Electrodgacing was 63 cm. A linear change in voltage (i.e., a
constant voltage gradient) was produced in the tank (Holliman and Reynolds 2002). The ambient
conductivity ofwater in the tank was between 980 and 1050 (1016 + 22) uS/cm at temperatures from
19.9 t0 22.1 (20.4 = 06 °C. There was no water current flow in the tank during tBereening
experiments

Outcomes and observations in tleereeningexperimentswere used to identify aange of electrical
parameters for operational protocols forfurther evaluaton. Simulationswith the st of promising
operational protocolswere condwted inthe rectangular sectiorof a Brett Swim TunnelThe swim
tunnel allowed fine control of water flow velocity anglas constructed of cledexar®, which improved
video recording compared that available with thepaque fiberglass tank used in the screening
experiment. The rectangular section of the swim tunnel was outfitted with two perforated stainless
steel plate electrodes (positioned paralléhiat extended above the water surface and were separated
by 152.4 cm(Figure 2¢ 4). The rectangular section of the swim tunnel was 57.5 cm wide and was filled
with water to a depth of 52.1 cmlhe ambient conductivity of water in the swim tunnel waetween
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1913 and 2040 (1996 + 36) uS/cm. Water temperatwes between 19.0 and 2C.&. Water current

flow was maintained at 3 cm/s to aid in detection of immobilization (through drift). The 3 cm/s rate of
flow was below the threshold for positive rheotaxistdlitively, in a confined space, any flow velocity
would increase time spent by fish being more aligned with the direction of electric current flow,
compared to a flow rate of O cm/s. However, fish were not motivated to consistently swim into the flow
and bodyvoltage minimizing behaviors were possible for extended periods. Thus, differences in
outcomes in the experiment resulting from conducting the simulations in a flow of 3 cm/s compared to
0 cm/s are expected to bail or minimal

Based on observationsnd outcomes in the screening trialighteen promisingoperational protocols
were selected forevaluatonin a 3 x 3 x 2 factorial desiguitimate field strength, 0.79 V/cm, 0.91 V/cm,
1.02 V/cm; pulsdrequency, 20 Hz, 25 Hz, 30 Hz; pwudseation, 2.0ms, 2.5 ms (% duty cycles = 4%, 5%,
6%, 8%.)A null treatmentwhere fish were subjected to the experimental protocols with the exception
of electrical exposurewas included in the experiemt. At the conclusion of data collection in the
factorial experinent, an additional four simulations were conductedth an ultimate field strength of
0.79 V/cmand pulsefrequency of 15 Hz and pulskiration of 6.5 msthe operational protocol shown
effective for immobilizing silver carp in the pilot studyto serve as a precursor for potential
experimentation on effects of water velocityrhe simulations serving as the baseline for statistical
comparisons were conducted with water velocity at 3 cm/s (N = 1), 5 cm/s (N = 1), or 10 cm/s (N = 2).
The outcomesof these simulations were pooled araiployed post hoc as a baseline for statistical
comparisons of riskThus,there were a total of 20 experimental groups, 18 in the factorial experiment,
one control group and one group designated as the baseline &tisstal reference.

All simulations were conducted with naive fish. The simulations were conducted on individual fish; the
exception was the experimental group serving as the baseline for statistical comparison of risk, where
fish were tested in groups dive. The screening experiments and the experiment with promising
protocols were conducted using completely randomized experimental designs. Fish were randomly
assigned to operational protocols. The sequence in which the operational protocols were tested
randomized within each experiment. Twenty fish were assigned to each experimental cell. A total of 100
fish were used per experiment in the screening trial, a total of 500 fish. A total of 400 fish were used in
the experiment focused on promising opéomal protocols. Of those fish used in the experiment on
promising operational protocols, the first 190 were monitored for acute mortality and the last 190 were
evaluated for injury. Those fish evaluated for acute mortality were transferred to a holdimig t
segregated by treatment and monitored for a minimum of 12 holnfiry was evaluated via inspection

of exposed flesh and vertebral column (for hemorrhage) after bilateral filleting offisasures of total

length (mm) and weight (g) were collected all fish. All fish were subjected to an overdose solution of
MS222 immediately after completion of the experimental treatment or period of monitoring.
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Figure 2¢ 4. Brett swim tunnelSimulations of encroachment into the electric field of Barfi&mere by
youngof-year bighead carp were conducted in a Brett Swim Tunnel. The effectiveness of prg
operational protocols for electric barriers on the CSSC was evaluated. The screening experiment
experiment focused on promising operationptotocols were conducted at the ACOE,EHRDC
Vicksburg, Mississippi, 3 September to 30 December 2009.

The electric fields applied the simulations werdased on iAvater voltage measurements taken from

the surface of the Chicago Sanitary and ShipaCanBarrier 1A by the ACOE, Engineer Research and
Development Center, ConstructioBngineering Researchaboratory, Champaign, lllinoisn the

simulations, he strength of theelectric field varied withtime, to mimic the electrical exposure fish
traversingHectric Barrier 1A would experience wheswimmingat the surface of the &al (Figure 2,

500 ¢KS (G2 RAAGAYO(H t208Sa OKINIYOGSNATAYy3a G(KS St S
0KS GKRAKJIEBENBIY $SNBE NBLINBaSYyiSR Ay G(GKS SELRad
field , whichisNB T SNNBR (2 | a (K Svadedziepending dnSreaiiner dndRtriadhi NB y 3 (0 K
range of field strengthassociated withthe low-field was casistentacross althe simulations with a

maximum of ~ 0.2 V/cm.

The duration of the simulationsvhich determined rates of changa field strength, was calibrateth

the estimated time requiredor 51 ¢ 76 mmbighead carpo traverse the ~ 44 meter ettric barrier
under the conditionsof no water currentflow. Maximum sustained swimming speeds of bighead carp
was 20 cm/s in swim tests on individuals and 40 cm/s in swim tests on groups of 3 or Bidiskad

carp from the cohort typically swam 50 cm/s for less than 1 minute, although some high performers in
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groups did swim longer periodpersonal communication, Dr. Jack Killgore, Dr. Jan Hoover, Army Corp
of Engineers, Environmental Laboratoy Enginer Research Development Center, Vicksburg,
Mississippi)lhe exposure period was calibrated to a swimming speed of 50 camtsulgions of 88
secondsduration. An exposure thought to be the worstase, agduration of electricalexposure was
minimized.

Hectrical energywas suppliedto the test tanks by austom, programmable pulsed D®&etric field

simulation system The #nulation system allowedindependent controlof the duration of the

exposure, field strength, pulsdrequency, and pulsduration. Thepatterns of field strength applied in
the simulationgFlgure Z; 5) were programmed into the system as sequesacd 1024 individual points
The characteristics of thelectrical parameters characterizing tloperational protocols applied in the
simulaticns weremeasured with a calibrated, digital oscilloscope.

Fish behavior was monitoreduring eachof the simulations. An external timer was used to estimate
exposuretime at the onset ofof first response, flight, and immobilization, and rightifdgst response

was categorizedsthe initial reaction to the presence of the electric field, which typically included rapid
starts, distinctive twitches of the head or tail, or brushing against the side or bottom of the tank. Flight
was characterized bythe onset of rapid (fantic) nondirected swimming. Flighdften transitioned to
swimmingfrom sideto-side in the tank(bodyvoltage minimizing behaviorsjorced swimming while
righted and forced swimmingwith lossof-equilibrium. Immobilization was charactaed by the
complete cessation of swimming motions and wgpically accompanied by lossf-equilibrium.
Righting was regarded as the resumption of upright orientation by grglviouslylosing equilibrium
while immobilized

Estimates of threshold voltaggradient (E, V/cm), threshold power dens{W/cm?® ), and threshold
cumulative exposure (UW/cin- s) for the targeted responses were basedtbe estimatedtime to
threshold ofrespon® (rounded to the nearest second) and were extracted from ph&ern o field
strength appled in the simulations (Figure @ 5). Threshold pwer density(Ow)was estimated with
(0] O &, whereOwas the threshold voltage gradient amo was the ambient conductivity of
tank water (uS/cm; Kolz 1989) Thresholdcumulative exposure for the targeted responses was
estimated as the sum @D ) from the start of the exposurto the onset of the response of interest.

Data analysig The distributions of fish size and measures associated with thresholds of targeted
behaviors were examined with beand-whisker plots. The beandwhisker plots demonstrated the 25

and 78" quartiles (ends of the boxes), the interquartile range (I@R distance between the box ends),

the median (line across the interior of the box), and the outerst data points falling within 1.5 x IQR

(the whiskers extending outward from the ends of the boxes). Means and the 95% confidence intervals
on the mearnwere represented in the plots with a split diamond (Sall et al. 2007).

Fish size and measures associated with thresholds of targeted responses in the experiment focused on

the promising operational protocols were summarized with means and 95% confidence int®als.

were rank (average rank) transformed when data distribgi were nomormal, skewed, or contained

extreme valuesAnalysis of Variance (ANOVA) was used to test for differences in means among groups

of interest. The Browatrorsythe test was used to test statistical hypotheses of homogeneity of variance
BrownandC2 NE@ GKS mdptnT {!{ Hnnyo®d 2SSt OKQa !bhx! g4I &
G NAFYyOS RAFFSNBR Y2y3d GKS 3ANRdzLJA 2F AyiSNBad gt
was used in post hoc paivise comparisons when ANOVA providgdtistical evidence of unequal

means among groups (SAS 2008).
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Figure 2 5. Electric fields applied in the simulatioi$e electriciéld strength varied with time in the
simulations of encroachment by youadryear bighead carp, in thecreening trial and experiment
focused on promising operational protocols for electric barriers on the Chicago Sanitary and Ship
The exposures mimicked that of younfyear bighead carp swimming through the electric field at a
constant rate of 5@m/s at the surface of the Chicago Sanitary Ship Canal. Field strength associat
the lowfield (downstream, left) were constant. Field strength associated with thefiedgh (upstream,
right) was variedPatterns of exposure with two levels of ul@éte field strength (peak of the high field
are shown(A) The strength of the electric field in the simulations in relation to distance (meters) o
Canal. (B) The strength of the electric field in the simulations was varied with time (seconds).
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Courts, proportions, and percentages were used to summarize the relationships between the
independent variables and the occurrence of targeted behavioral responses. The occurrence of
immobilization, a binary response, was the outcome of primary interest inekgeriments. The
hypothesis of equality of proportions in contingency table margimspreg levels in the operational
protocols was evaluated using the Pearson-Ghuare Test.

In the experiment on promising operational protocolse trelative risk (RR), the ratio of the proportions
being compared, was used to estimate risk (probability) of fadingto be immobilizedoy the various
operational protocols£ompared to the operational protol designated as the baselina the evenbf a

zero cell in the tables, a constamt\alue of 1) was added to each cell of the table to allow estimation of
relative risk (Agresti 1990). An RR exceeding 1.0 indicateincrease in risk of fisfailing to be
immobilized (an undesired effect inithcase)An RR less than 1.0 indicdta reduction in rislof failing

to immobilizefish. If RR = 1.0 or if 1.0 is within the bounds of the confidence interval, there is no
difference in risk ofailingto immobiliz fish between operational protocolseing compared

Field strength S, pulsefrequency PB, pulseduration (referred to as pulskength (PD in the models

to prevent any confusion with power density (Pnd fish total lengthlj were treated as candidate
predictors of immobilization in youngf-year bighead carplLogistic regression was employed to
evaluate univariate model$§ PF. PL, L) andmultivariable models within aandidate setkS PF PL FS

PE PLL; FS, PF, PIS*PF; FS, PF, PL, FS*PL; FS, PF, PL, PF*PL; FS, PF, PL, L, FS*PF; FS, PF, PL, L, FS*PL;
PF, PL, L, FS*L; FS, PF, PL, L, PF*L; FS, PF, PL, L, PL*L; FS, PF, PL, L, L*L; FS, Pfe Rictdys; io*L*L)
univariate modelsfailing tests that the estima&d parameter equaled zero were dropped from further
consideration.Field strength, pulsérequency, and pulsduration were treated as ordinal categorical
variades and fish lengtlas a continuous variable, in the analyses. The models in the candidate set
addressed assumptions of additivity between the experiment factors, additivity of the covariate fish
total length, and linearity of the covariate fish total length.

'1FAT1SQa AYF2NNIGAZ2Y ONRGSNR 2 ymbe lofLmodel paraniieksO K A y Of
approximatesnformation lost in the conversion from data to model. Smaller AIC values indicate smaller

losses of information (Buckland at. 1997;Burnham and Anderson 1998; Franklin et al. 2001). The
differences in corrected Akaikaformation criterion (AlCc) values between each model and the model

with the smallest AICc vallgél'! L/ YAYL/ and normalized Aikaike weights

1 QR YjcjB QonYjc were calculated for each model in the candidate set Pof

models The dfferences in AICc indicadehe level of empiricksupport for the modelwhere herewas

ddzoalGF ydAlf adzll2 NI TN WES { BAE (orKISY WR afiA BKISY ad:
Yx  NNormbalized Aikaike weights all@d comparison of modeplausibility (Burnham and Anderson

1998; Franklin et al. 2001). Model calibrationsaevaluated with Goodnegs-fit tests (GOF)ased on

the negative lodikelihood andwith the Pearson Cksquare test (SAS 2008). Model discrimination was
evaluated withthe area under the receivesperating characteristic curve (ROC; SAS 2008). The area

under the ROCwvewas aY' S| & dzZNB 2 F ( KS ivtigeR&pabiit (defited ks taseasLINS R

the ability to separate those fish likely to be immobilized fritrose likely not). A area under the ROC =

0.5 suggested/ 2 RAAONRYAY I GA2Y 6 Ndhy R DK 0/iahgidetsdd aEddeptable ¥ n o7
discriminatio/ > 'y | NBIF 2T gofsjderot, exvellent di¥¢rimmin@tipn, @nb drea under

0§KS wh/ sxonsidérgdsoutstahding discrimination (Hosmer and Lemeshow 2000). Models with

ROC areas above 0.80 have been endorsed for individual predictions (Johnston et al. 2000). Null
hypotheses regarding the effects of individual levels of the independent vesialgire evaluated with

Wald Chisquare tests,in the model determied to best represent the empirical data (SAS 2008).
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Results

In the screening experimentsh were 43 to 72njean + S.D56 + 6) mm total length and weighed from

0.5 to 3.1 (1.4 = 0.5) grams. Distinct first resporigethe electric fieldwere detected in 83% dhe

simulations occurringfrom 5 to 49 (15 + 8; 95% CI 446) seconds into the exposure, fi¢ld strengths

from 007to 0.32(0.15% 004; 95% CI 046¢ 0.154) V/cm. In the majority of cases, fish reacted to the
LINSaSyOS 2F Iy StSOGNARO FAStER Id adNBy3aIdKa GKIFG o
FASEtReé 2F . FNNASNI LL! @

Flight responses were observed98%of the fishin the simulations, in thescreenimg experimens. The

onset of rapid nordirected swimming occurred from 37 to 60 (52 + 3; 95% CI &52) seconds into
the exposure, at field strengths froml1&kto 1.0 (0.44+ 013; 95% CIl 04 ¢ 0.47) Vicm. In simulations
employing 20 HZ25 Hz, or 30 Haulsed DC, theapid nondirected swimmingcharacterizing the onset
of flight often transitioned into forcegswimming withor without lossof-equilibrium. The threshold for
flight was relatively consistent across the simulations, occurring upon expasuine frising side of the
highfield, where there waselativelyrapid clange in field strength

Immobilizaton was induced in 63%f the fish in the screening trialBroportions of fish immobilizedin

the margins of the contingency tabldiffered signiicantly among the levels of ultimate field strength
0.79V/cm, 0.60;0.91 V/cm, 0.56;1.02 V/cm, 0.64;1.14 V/cm, 0.57;1.5 Vicm, 0.77;-% = 12.448, P =
0.0143) and among the puldeequencies (10 Hz, 0.11; 15 Hz, 0.39; 20 Hz, 0.76; 25 Hz, 0.94; 30 Hz, 0.94;
.2=138.557, P = 0.0001; Figure 8).

Univariate logistic regressiandicated field strength (F®ercent duty cycleand pulsefrequency (PF)
were eachsignificant single predicts of immobilizationin the trials Hypotheses that the estimated
parameter vaszero wasrejected inthe LikelihoodRatio Chisquare testin each of the modelé? = 13¢
HppT 5 C T 01q0.0112%). TheGORtaBts supported the hypotheses that each of the models
adequately fit the data-¢ = 500; DF = 495; P =0.4288ish length (L) failed to improve model
performance over the constant response probabi(ity= 0.6010; DF = 1; P = 0.4382)1 was dropped
from further consideration.

The Likelihood Ratio test provided strong evidence that the estimated coefficients in the FS, PF model
were not zero-¢ = 280, DF = 8, P < 0.0001). The GOF test indicated the model adequately fit the data
(-?= 457, DF = 491, P = 0.8622). PHISE |j dz5=2678 DF&= 4, P < 0.0001) and field strength 24,

DF = 4, P < 0.0001) were significant predictors of the probability of immobilization in the Effect
Likelihood Ratio Tests. Paiise tests of pulsérequency effects demonstrated significant differences
between 10 Hz and the remaining pulsequencies {¢ = 24¢ 87, DF = 1, P < 0.0001), between 15 Hz
and the remaining protocols {= 31¢ 50, DF = 1, P < 0.0001), and between 20 Hz and 25 Hz and 30 Hz
(x2 = 11¢ 14, DF = 1, P = 0.00@20.0007), but the difference between 25 Hz and 30 Hz was not

statistically significant-¢ = < 0.0001, DF = 1, P = 1.0). fase hypothesis tests between the levels of
field strength in the simulations demonstrated sigrant differences between 1.5 V/cm and each of

other levels of field strength.-{=7.6-mp> 5C T mnD.006), b noistatistically significant
differences between the remaining levels of field strength=(0.04cH ®c 0 X 5C T[¢OM&l4)t XK n dw
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Figure 2¢ 6. Proportions of fish immobilized in the screening experimeBisiulations of encroachmeito the electric field of Barrier 114
on the Chicago Sanitary and Ship Cavere employed to evaluate the effectiveness of various operational proto€al&comes from the
screeningexperiment were used to seleoperationalprotocolsfor further study. Theexperiments were conducted at the ACOE,EHRDC

Vicksburg, NssissippB September to 30 December 2009

1.14V/cm, (4%)

1.5Vicm, (2%)
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in the pairwise hypothesis tests. The area under the ROC curve (0.89) indicated the model i®have
good discriminatory ability.

Fishin the simulationswith the set ofpromising operational protocolgleaned from the screening trial,
were between 46 and 766 + § mm total length and weighed from 0.7 to 3.2 (1.6 + 0.5) grams. A total
of four fish died during the poséxposure monitoring period. There was no evidence of injury in any of
the fish evaluated; no injury was detected via bilateral filleting &isialinspection of the vertebral
column and exposed musculature.

There was tatistical evdence that fish size differed among some of the experimental grd@psstical
evidence that mean fish length differed significantly among the experimental groupg 61.9282, P =
0.0131)waspresentedin the ANOVAPost hoc paiwise comparisonshowed mean fishdngth differed
significantly betweerthe 0.91V/cm-25 Hz2.5 ms $9+ 5 mm) and0.79 V/cm-20 Hz2 ms 64+ 6 mm; P

< 0.05 experimental groupsANOVAalso presented evidence that mean weight differed among the
experimentalgroups (ksse1 = 1.9416, P = 0.0123). Post hoc feise comparisons indicated mean
weight differed signifiantly between thesimulations with the0.79 V/cm-25 Hz2.0 ms (1.35 = 0.28
grams) and thd..02V/cm-25 Hz2.5 ms (1.88 + 0.50 grams; P < 0 @§)erimental groups

The distinctive twitches, jerks, starts, brushing motions associated with first response was observed
83% ofthe simulations Mean time to first response was 9 (+ 6) seconds. Mean timegbriésponse
was least in simulations applying tBe91V/cm-30 Hz2.5 ms operational protocol (mean, 7; 95% G, 5
8 seconds) and greatest in simulations applydng9V/inch-20 Hz2 ms operational protocol (mean, 12;
95% CI 4 20 seconds), but there was no statistlgaignificant differences among the treaémt groups
(Fi7288 = 1.0428, P = 0.4114). First responses occurred at field strengths frartoM@33 (0.10 £ 040)
Vicm (Figure 2¢ 7). There was no statistical evidence that the melareshold field strength fofirst
response differed among the opdi@nal protocols (e = 0.9009446, P = 0.5741Threshold
cumulative exposure for first response wiasm 0.12 to 2853 (152 + 348) uW/ém (Figure 2 7). There
was nostatisticalevidence that threshold cumulative exposure for first response diffesigdificantly
among the treatment groups, as indicated by ANOVApgk= 1.0997, P = 0.3532).

Flight respones was observed in 99%f fish in the simulations, occurring between 45 @l (52 + 2)
secads into the exposures (Figueg 7). There was strong statistical evidence that mean time to the
onset of flight responses differed among the treatment groups;ts= 2.840, P < 0.0001pairwise
comparisons demonstrated statistioalkignificant differences in the mean time to onset of flight
between simulations applying 0.79 V/e2® Hz2.0 ms (52 + 3 seconds) as compared to those applying
1.02 V/cm30 Hz2.5 ms (51 + 2 seconds, P = 0.0005), 1.14 \3@riz2.0 ms (51 + 2 secondsP®106),

1.14 V/cm25 Hz2.5 ms (51 £ 2 seconds, P = 0.0106) and 1.14 2(#z2.0 ms (51 = 2 seconds, P =
0.0336) and between simulations applying 1.14 \A@dnHz2.5 ms compared to those with 0.79 V/em

30 Hz2.5 ms (52 + 2 seconds; P < 0.05). Thetfliggponse occurred at field strengths of 0.16 to 0.76
(0.38 = 0.09) volts/cm. There no statistical evidence that the mean threshold field strength for flight
differed among the operational protocols ifkss = 1.3720, P = 0.1476). The threshold cumulative
exposure for the flight response was from 2156 to 6489 (2977 + 551) udiFigure 2, 7 ). There

was strong statistical evidence of significant differences among the operational protocols in the mean
cumulative exposure threshold for flight;{kss = 2.5909, P = 0.0006). Post hoc pair wise comparisons
indicated significant differences in mean cumulative exposure threshold for flight between the 0.79
V/icm25 Hz2.5 ms (2910 + 496 pWichs) protocol compared to the 1.02 V/eB® Hz2.5 ms (2696 +

372 (Wicm?®s, P = 0.0075), 1.02 V/e30 Hz2.0 ms (2747 + 331 uW/chs, P = 0.0025), 1.02 V/eB

32



Business Confidential

0.9

0.6

03

Field strength (volts/cm)

0.0

Field strength (volts/cm)

09

0.6

Field strength (volts/cm)

03

0.0

Operational protocol: 0.79 V/cm; PF, 20 Hz; PL, 2.0 ms

A
0 20 40 60 80 100 120
Time (seconds)
WFirstresponse A Flight @ Immobilization & Righting
Operational protocol: FS, 0.79 V/cm; PF, 20 Hz; PL, 2.5 ms
100 120
Time (seconds)
WFirstresponse  AFlight @Immobilization @ Righting
Operational protacol: FS, 0.91 V/cm; PF, 20 Hz; PL, 2.0 ms
0 20 40 60 80 100 120

Time (seconds)

HFirstresponse A Flight @ Immobilization @ Righting

Field strength (volts/cm) Field strength (volts/cm)

Field strength (volts/cm)

15

12

0.8

0.6

03

0.0

15

1.2

0.9

0.6

03

0.0

Operational protocol: FS, 0.79 V/cm; PF, 25 Hz; PL, 2.0 ms

o

100 120
Time (seconds)
WFirstresponse A Flight @ Immobilization @ Righting
Operational protocol: FS, 0.79 V/cm; PF, 25 Hz; PL, 2.5 ms
T T T T + T
20 40 60 80 100 120
Time (seconds)
WFirstresponse A Flight @Immobilization  # Righting
Operational protocol: FS, 0,91 V/em; PF, 25Hz; PL, 2.0 ms
T T T T
20 40 60 80 100 120

Time (seconds)

WFirstresponse A Flight @Immobilization @ Righting

Field strength (volts/cm) Field strength (volts/cm)

Field strength (volts/cm)

15

1.2

0.9

0.6

0.3

0.0

15

12

0.9

0.6

0.3

0.0

15

12

0.9

0.6

0.3

0.0

Operational protocol: FS, 0.79 V/cm; PF, 30 Hz; PL, 2.0 ms

0 20 40 60 80 100 120
Time (seconds)
WFirstresponse A Flight @ Immobilization  # Righting
Operational protocol: FS, 0.79 V/cm; PF, 30 Hz; PL, 2.5 ms
T T T T +—¢—¢ d
o 20 40 60 80 100 120
Time (seconds)
W Firstresponse A Flight @ Immobilization @ Righting
Operational protocol: FS, 0.91 V/em; PF, 30 Hz; PL, 2.0 ms
R . T T - y
0 20 40 60 80 100 120
Time (seconds)
WFirstresponse A Flight @ Immobilization  # Righting

Figure 2¢ 7 A. Thresholds of targeted responses in the simulationtsresholds field strength (volts/inch) for the first response, fl
immobilization, and righting in the simulations of encroachment upon electric barrier 1A on the Chicago Sanitary andebbip Yoainepf-yea
bighead carp. The experiment was cowoted at the ACOE, EIERDC, Vicksburg, MS.
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Figure 2¢ 7 B. Thresholds of targeted responses in the simulatiofisresholds field strength (volts/cm) for the first response, fl
immobilization, and righting responses in the simulations of encroachment upon electric barrier IIA on the Chicago Sahip £anal
youngof-year bighead carp. The experimemas conducted at the ACOE,dERDC, Vicksburg, MS.

34



Business Confidential

Hz2.5 ms (2760 + 349 pW/chs, P = 0.0292), and 1.02 VA@0 Hz2.0 ms (2774 + 310 pWi/chs, P =
0.0391) protocols.

Immobilizationof fish was achieved in 74% dhe simulations inevaluating promising operational
protocols, occurring 49 t@8 (63 + 5) seconds into the exposure (Figue72. Fish immobilized in the
simulations typically sank instead of floatinthere was strong statistical evidence that mean time to
immobilization differed among the treatment groups s = 2.7182, P = 0.0004p0st hoc pir-wise
comparisons showed significant differences in the meametto immobilization between simulations
applying0.91Vv/cm-20 Hz2.5 ms (66 + 1 secondscomparedto thoseapplying 1.02V/cm-30 Hz2.5

ms (60 +L seconds; P = 0.0174) ahd2V/cm-30 Hz2.0 ms (59 + 1 seconds; P = 0.0381) protocols and
betweensimulations applyin@.79V/cm-20 Hz2.5 ms (66 2 secondspascomparedto thoseapplying
1.02V/cm-30 Hz2.5 ms potocol (P = 0.0253). Immobilization occurred iatd strengths from @8 to
1.02(0.81+ 014) voltsicm. In manycases, immobilization was induced on the falling (upstresing of
the high field (Figure 2 7). There was strong statistical evidenitgt the mean threshold field strength
for immobilization differed among theperationalprotocols (k747 = 7.9845, P < 0.0001). Post hoc pair
wise comparisons of mean threshold field strength for immobilization indicated significant differences
between numerous operational protocols (Tabl2 ¢ 1). Immobilization occurred at cumulative
exposures between 2,398 and 24,005 (11,195 + 5,250) pW/snThere was strong statistical evidence
that meanthresholdcumulative exposure foimmobilization differed amang the operational protocols
(Fi7247 = 2.9059, P = 0.0002). Post hoc peise comparisons demonstrated significant differences in
meanthresholdcumulative exposure fammobilization between simulations applyifg79V/cm-20 Hz

2.5 ms 14927 + 1567uW/cn® - ) compared tothose applyingl.02 V/cm-30 Hz2.0 ms 7622 + 1137
pW/em?®-s; P = 0.0224and 1.02 V/cm-30 Hz2.5 ms 7888 + 1101W/cm®- s; P = 0.037)%nd between
simulationsapplying0.91 V/cm-20 Hz2.5 ms {4487 + 13741W/cm’ - s) compared tothose applying
1.02V/cm:30 Hz2.0 ms (P = 0.017and 1.14V/cm-30 Hz2.5 ms (P = 0.02%3rotocols.

The proportions othe experimentalgroupsof fish that wereimmobilizedin simulationswith promising

operational protocolsvaried from 0.35 to 1.0Q(Figure 2¢ 8). Theproportions of fish immobilized

differed significantly among the three levels of field strenditv9 V/cm, 0.59;0.91V/cm, 0.74;1.02

Vicmz n &y236.%63,.P = 0.0001), among theee pulserates (20 Hz, 0.58; 25 Hz, 0.72; 30 483;

.2=38.557, P = 0.0001), and between the two pulsgationsé H ®n Y&z n dc’r 8298, @p Yaz 7
0.0040) in the margins of the contingency tablRisk forfailing to immobilizefish was significantly

reduced by severalof the operational protocols tested compared to the protocol effective for
immobilizing juvenile silver carp in the pilot studfigure Z; 9).
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Table 2¢ 1. Mean threshold field strengtlistandard deviationin parentheses) for immobilizatic
among the various operati@l protocols [ultimate field strength (W), pulsefrequency (Hz), puls
duration (ms)]. Statistically significant differeiscen pairwise comparisons armdicated by levels nc
connected by same letter (P = 0.000Q.0326).

Operational protocol Mean (SD) Levels not connected b
threshold field  the same letter indicates
Ultimate field  Pulsefrequency Pulseduration strength for statistically significant
strength immobilization difference
(Hz) (ms)
(V/icm) (V/cm)
1.02 20 2.0 0.96(0.06) A
1.02 20 2.5 0.93 (0.08) A B
1.02 25 2.5 0.88 (0.03) A B C
1.02 25 2.0 0.88 (0.10) A B C
0.91 20 2.0 0.86 (0.07) A B C D
1.02 30 2.5 0.86 (0.12) A B C
0.91 20 2.5 0.85 (0.05) A B C D
1.02 30 2.0 0.83 (0.08) A B C D
0.91 30 2.0 0.81 (0.09) B C D E
0.91 25 2.0 0.78 (0.12) C D E
0.91 25 2.5 0.77 (0.07) C D E
0.91 30 2.5 0.75 (0.14) C D E
0.79 25 2.0 0.74 (0.07) C D E
0.79 20 2.0 0.71 (0.13) C D E
0.79 30 2.0 0.70 (0.14) D E
0.79 20 25 0.70(0.12) D E
0.79 25 2.5 0.70(0.17) D E
0.79 30 2.5 0.67 (0.14) E
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Figure 2¢ 8. Proportions of fish immobilized in the simulations with promising protodisportions of
fish in theimmobilized during simulationsf encroachment into Barrier lIA, on the Chicago Sanitary
Ship Canal, by youraf-year bighead carpyith various operational protocol€perational protocolg
were characterized by ultimate field strength (V/cm), pdissguency (Hz) and pulsguration (ms). The
simulationsof were conducted at the ACOECERDC, Vicksburg, MS.

Relative risk fofailing to immobilizesoungof-year bighead carpvas reduced in simulatiorepplying

0.79 V/cm30 Hz2.0 ms (RR, 0.425% ClI, 8¢ 0.96)

0.91 V/icm25Hz2.0 ms RR, 0.42; 95% CI, 0.48.96),

0.91 V/cm30 Hz2.0 ms RR, 0.17; 95% ClI, 0.9.65)

1.02V/cm-25 Hz2.0 ms RR, 0.17; 95% CI, 0.§8.65)

1.02 V/cm30 Hz2.0 ms RR, 0.08; 95% CI, 0.0.58)

0.79 V/cm30 Hz2.5 ms RR, 0.08; 95% ©L01¢ 0.58)

0.91 V/icm25 Hz2.5 ms RR, 0.33; 95% ClI, 0.48.86)

0.91 V/cm30 Hz2.5 ms (R, 0.07, all fish immobilized)

1.02 V/cm20 Hz2.5 ms(RR, 0.17; 95% CI 0.9.65),

1.02 V/cm25 Hz2.5 ms (RR, 0.25; 95% CI G;@875),

1.02 V/cm30 Hz2.5ms (RR, 0.07, all fish immobilized)
compared to the protocol shown effective for immobilizingenilesilver carp (Figure 9).

CAStR aUNBy3IGK &QET dISyRen on - 8 ¥ IqiIzidanSGi[n MO  XKIdze @57
length (L; P ©.0043) were each significant single predictors of immobilization in juvenile bighead carp.
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Figure 2¢ 9. Relative risk of fish not being immobilizéelative risk of youngf-year bighead not being
immobilized during the simulations with the various operational protocols. Risk for fish not f
immobilized was compared with risk from the simulation applying the operational protocol s
effective br immobilizing miesized silver carp in the pilot study. The simulations were conducted a
ACOE, EERDC, Vicksburg, MS.

Logistic regression demonstrated a multivariable relationship between field strergfh gulse
frequency PH, pulselength @), fish lengthl)), and the pulsdength fish length (PL*L) interaction, and
probability of immobilization of youngf-year bighead carpGoodnessf-Fit tests indicated that each
Y2RSt Ay GKS O yRx 8BB4, DF S 650 354; &= 0066 8.95R Allimbdels in the
candidate

set had excellent discrimination, as indicated by the area under the ROC curve ¢(@&B).
Nonetheless, iere was strong support for the FS, PF, PL, L, PL*L mathe! lzsst model presented by

the Y and] (Table 2 2). Normalized Akaike weights indicated the FS, PF, PL, L, PL*L model was
about 3 times as likely as the next best (FS, PF, PL, L, PF*PL) and about 5 times as likely as the third best
model (FS, PF, PL, L; Table2). Hence, the FRF, PL, L, PL*L model was selected as the best of the
candidate set. The model had an area under the ROC curve of 0.83, indicating excellent discriminatory
ability.
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Table2 ¢ 2. Model selectionAkaike information criterion (AICc) valuds)( normalized Akaike weights
( ), goodnes®f-fit (GOF) Ralues, and the area under the receiver operating characteristic (ROC)
curve for prognostic models of electrosheickluced immobilization of juvenile bighead carp, where FS

= field strength, PF = |sefrequency, PL = puldength, and L = total length.
Rank  Candidate models ¥ T G\lezue()P— gr(e)%ucrrjdrs(ra
1 FS, PF, PL,L,PL*L O 0.54 0.88 0.83
2 FS, PF, PL, L, PF*PL 3 0.15 0.95 0.83
3 FS, PF, PL, L 3 0.10 0.92 0.83
4 FS, PF, PL, L, PF, L*l 4 0.09 0.91 0.83
5 FS, PF, PL, L, PF, L*l 5 0.04 0.92 0.83
6 FS, PF, PL,L,PF*L 6 0.03 0.95 0.83
7 FS, PF, PL,L,FS*L 7 0.02 0.92 0.83
8 FS, PF, PL, L, FS*PL 7 0.01 0.90 0.83
9 FS, PF, PL, L, FS*PF 9 0.01 0.89 0.83
10 FS, PF, PL 16 0.00 0.64 0.80
11 FS, PF, PL, PF*PL 16 0.00 0.72 0.80
12 FS, PF,PL,FS*PL 20 0.00 0.63 0.80
13 FS, PF, PL, FS*PF 22 0.00 0.60 0.80

Field strength.¢ = 27.02; DF = 2; P < 0.0001), pdiseXB |j dz85/53.85; IF.= 2; P 200001), pulse

f Sy FER.46pDF = 1; P = 0.0021), and plilse y 3 i KF F A*& K40fDF ¥ 3; P K 0.6202) were
significant factors in the FS, PF, PL, L, PL*L model. Statistical differences in levels of field strength were
demonstrated in hypothsis tests. Specifically,

HY notdp @2f
HY notdp @2f
HY nopm @2f

Q¢ Q¢ Q)¢

k G¥3.79; DF ©thm=0DR16)i ak OY 0.
k G¥2681; DREAHP <@ PFA0I),a k OY 0.
k G¥10M45; DRMHP =@ BG12).a k OY 0.
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Hypothesis tests demonstrated statistical differences between levels of frelgeency and pulse
length. Specifically,

HY wn | 1 2=[6.54PF =I1]P =®.0106),

HY wn |1 2=5355yDF £1; P $0.0001),

HY Hp | 12=23. 8P =I11]P <®.0001),

HY H®n Y a&a?=0.4640FF 1;P& 0.0021).
¢tKS YIAYy STFFSOO 2%=1P2 DK=1; 8y D.6l6K4), but the BL*2 interaction was
aldrdAradAolfte aXasssPRALRS0.0208). 6KS Y2RSt 0.

Probability of immobilization predicted by the model varied widely among the operational protocols and
was strongly influenced by puldength and fish length (Figure @ 10). Predicted probability of
immobilization in fish tested witl®.79 V/cm, 2.0 ms potocols ranged from 0.14 to 0.46 in the 20 Hz
group, from 0.34 to 0.52 in fish exposed to 25 Hz, and from 0.82 to 0.90 in fish exposed to 30 Hz;
predicted probability of immobilization was 0.90 olyy” ¥7A rankKin lexgth exposed to 30 Hz. In fish
expo®d to 0.91V/cm, 2.0 ms protocols, predicted probability of immobilization ranged from 0.33 to
0.54 in those exposetb 20 Hz, from 0.55 to 0.73 fdish exposed t®5 Hz, and from 0.83 to 0.93 for
thoseexposed to 30 Hz; predicted probability met or ex@eé®@ R 11 & ¢p 53 minyh lefAigth &xfoseq to

30 Hz. In bighead carp exposedli®2 V/cm, 2.0 ms protocols, predicted probability of immobilization
ranged from 0.64 to 0.83 in those exposed to 20 Hz, from 0.78 to 0.87 in fish exposed to 25 Hz, and from
0.96 to 0.98 in fish exposed to 30 Hz; predicted probability for immobilization met or exceeded 0.90 in
T A a5Kmmklength exposed to 30 Hz. Predicted probability for immobilization withOti®V/cm, 2.5

ms pulseduration protocols ranged between 0.23 afd5 in fish exposed to 20 Hz, between 0.26 to
0.95 in those exposed to 25 Hz, and between 0.74 to 1.00 in fish exposed to 30 Hz; predicted probability
F2NI AYY20AE AT FGAZY Y SBOmmiH LREGSS RiSZR  sadiedpd@egtoyT ATAAKE K
Hp | T I B6yfrfexpdsed ko 3Hz. Predicted probability for immobilization with @@l V/em,

2.5 ms pulseduration protocols ranged between 0.32 and 0.93 in fish exposed to 20 Hz, between 0.50
to 0.99 in those exposed to 25 Hz, andivibeen 0.74 to 1.00 in fish exposed to 30 Hz; predicted
LINEOFOAEfAGE F2NJ AYY20Af AT I64ininSyE L EB R2 Nz2S BOE R ER Arya
SELRASR (2 Hp5limmExpdsed ko 30 WPredidter Krobapility for immobilization thi

the 1.02V/cm, 2.5 ms puls&luration protocols ranged between 0.73 and 0.94 in fish exposed to 20 Hz,
between 0.82 to 0.97 in those pased to 25 Hz, and between 0.97 to 0if%ish exposed to 30 Hz;
predicted probability for immobilization mier exc&& RS R 1 & o6l mrk gkpodel t RO Hg, in fish
*¥53mMmSELI2Z AaSR (2 H p51inhexpodedt®30HFigufe XA®. x

Discussion

Simulations of encroachment into the field of electric Barrier IIA (on the Chicago Sanitary and Ship
Canal) byyoungof-yearbighead carp were used to evaluate the effectiveness of various combinations
of electrical parameters for inducing passggeventing behaviors. The simulations were coneédct
under controlled conditions usingomogeneous electric dlds. Electrical stimulation was continuous
during the simulations and varied in intensity, over time, to mimic the exposure fish swimming through
the electric barrier would experience. The apprbaapplied in the present study waa significant
improvemeni 2 @SNJ GKS LIAf20 addzReé |yR Ay GKS daasire 0S 27
of fish. Sibsequently,the quality of data collectecdand the inference of the experimental results
improved The scenario in the simulatiorsmployed various aspect®f the conceptualrisk nodel
developed for barrier effectiveness. The simulations in the present study employed what was
considered the worstase scenaridor preventing passage of invasive bighead carp and silver carp
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Figure 2¢ 10. Predicted probabilityand the occurrencef immobilization ird6 ¢ 72 mm bighead carpProbability of immobilizationpredictec
by theFS, PF, PL, L, Ppfbgnosticmodel, which wasdeveloped from simulations of encroachment in the field of Barrier lIA by yotk
yearbighead carpare plotted in red, on the left axi¥he occurrence of immobilization observed in the simulatidns immobilized, 0 = n
immobilized)is dotted in blug on the right axis. Outcomes are plotted as a function of fish length.
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through the electric barriers, as (1) the fish encroaching upon the barrier were small, (2) the fish
encroaching upon the electric barrier were swimming at the surface of the Canal, (3) fish penetrating
the electric barrier continued upstream despite radag electrical stimulus, (4) there was no water
current flow or marginal flow, and, (5) fish swam through the electric barrier as quickly as possible
(sustained swimming speed of 50 cm/s). The assumptions in the scenario are directly or indirectly
associted with components of the conceptual Risk Model of Barrier Effectiveness.

The present study targeted small fishlthough not diretly tested there wa®vidence to support the
hypothesis thatsmall fish represent the worstase for inducing passageeventing behaviorson the

Canal In the context of inducing captugrone behaviors, fish reactions are dependent upon voltage
drop per unit length of fish (Lamarque 1967; Halsband 1967). Higher field strengths may be required to
induce paralysis in smallefish. lower frequencies may be less effective (than higher dieties),
requiring higher fieldstrengths to induce paralysi@Edwards and Higgins 1973). Outcomes in the
raceway experiments of Pegg and Chick (2004) demonstrated species or size depeddetibrinof
passagepreventing behaviors when silver carp breached the electric field in the tests and bighead carp
did not. The silver carpn the study(by Pegg and Chick 200#pwever,were only % the length of the
bighead carp. In a tank study, Dolamd Miranda (2003) foundn a tank studythe effect of body size to
overwhelm potential differences in species response to a given electrical stimulus. The differential
effectiveness of the electric field for preventing passage between silver carp and bighead carp
demonstrated in the work of Pggand Chick (2004) was likely driven by differences in size between
groups of fish rather than species differenc&here is significant evidence that Barrier | (on the Canal)
was effective on large common carp (Sparks et al. 2004; Dettmers and Crequevwa@l applying
operational protocols having puldeequencies of 2 Hz, 3 Hz, and 5 Hz. In comparisobstantially
greater field strength, puls&equency,and pulseduration was necessary to immobiliZ87 to 280 mm
smallsilver carpin the pilot study(Holliman, this report) The size range of silver carp in the pilot study
encompassed the size of silver carp in the study of Pegg and Chick (Rt®4yesent study targeted
even smaller bighead carpX ¢ 76 mm) as a worstcase as effects are expectad be more pronounced

in larger fish

The patterns ofiéld strengthappliedin the simulations were calibrated to fsh swimming at the surface
which wasassumed torepresent a worstase scenario for preventing fish passagish swimming
upstream at sme depth will penetrate the electric barrier to the extent possible. Models anaater
measurements of the electric barriers on the Canal demonstrate the strength of the field increases with
proximity to the electrodesfield strength is lowest at the siace The extent of the penetrationf the

field by fish swimming tadepth will be determined by soméireshold ofin vivoelectrical stimulationlf

in vivoelectricalstimulation is insufficient to induce a passggeventing behavior, fish will breach the
barrier. If of sufficient magnitude,n vivo electrical stimulation will induce a passageventing
behavior and/or will lead fish to the surface.

It is hypothesizedhat the shape of the Barrier field, demonstrated in the analysis and simulations of the
electric field, will tend toguide fish toward the surfaceln vivo thresholds for evoked behaviors
correspondspatially to anequipotential boundary within the field(a boundary of field strength
extending across the Candt is hypothesizedhat fish motivated to swim upstream ansimilarly
motivated to not to exceed someectrical threshold fom vivostimulationwill follow thisequipotential
boundaryto the waer surface. This expectation is based on anecdotal observation and experience, but
no data is available to support iThe relation between field strength and fish size is the basis for
expectations of differential penetration of the graduated electrierias on the Chicago Sanitary and
Ship Canal, by fish of different siz€sh swimming at the surface may penetrate more deeply into the
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field, as the strength of the electric barrier is least at the surface. Thus, fish swimming at the surface is
expectal and is regarded as the worst case.

In the simulations,i$h were assumed to continuapstreamdespite increasing electrical stimulation
With a graduated field, fish challenging the barrier will be gradually exposed to increasingly unpleasant
stimuli andcan learn to avoid the stimuli (Hartley and Simpson 1967). However, fish excited by the
electrical stimulation may continue into fields of higher intensity (Barwick and Miller 1996). The
outcome reported by Barwick and Miller (1996) may have been anemiianal consequence of abrupt
changes in field stngth (based ordescriptiors of the electrode arrdy where fishunintentionally
crossed boundaries in field strength and became excited by high levels of electrical stimulation that
would have otherwise éen avoided. Bullen and Carlson (2004) report that electric fields have limited
potential as a deterrent to fish behavior as fish do not have the ability to detect the direction of an
electric field source and will often swim into stronger fields, everthiir death. Stewart (1990b)
reported similar outcomes in tests with a marine barri@hus,it was prudent to assumein the
simulationsthat fish would continue to swim upstream into the barrier despite noxious stimuli.

Volitional avoidance of the el&@ field was not addressed in the present stutfybighead carp and
silver carp will avoid the increasingly unpleasant electrical stimuli associated with continued
penetration of the electric barrier othe CSSC is not knowRurther, if learning taavoid the electric
field does occur,he threshold for noxious electrical stimulation associated i learning is also not
known. The threshold electrical exposure for avoidane®uld be below that for rendering fish
physically incapable of progressingstream, the desired outcome in the present study. If avoidance
should prove a reliable passagesventing response to electrical stimulation and the threshold is below
that for incapacitation, Barrieoutput could be reduced. The reduction in outpututd substantially
reduce required electrical energnd equipment wear, and increashe margin for human safety. Study
of wolitional avoidance of waterborne electric fields by the targeted species is warranted.

The simulations assumetthe condition ofno water current flow or very low flow as worst-case
scenarie. The electric barriers on the Canal utilize crokannel electrodesThe direction of electric
current flow is, theefore, parallel with thedirection of water current flow.Fish oriented in th
upstreamdownstream direction experience thgreatest electrical exposuréreatest bodyvoltage)
being aligned parallel witthe direction of electrical current flow. The scenario of no water flow in the
simulations represents theworst-case scenarioas fish canminimize bodyvoltage (by turning
perpendicular to the direction of electric current flow, perpendicular to the upstremwnstream
direction) during the exposuresvithout being washed back downstream. This circumstanceocaar
on the Canalln this case, fish swimming directly upstreavould penetrate the electric barrier to the
extent of receiving unpleasant stimulatidghen turn perpendicular to the direction of electric current
flow, along an egipotential line Yibert 1967, without beirg swet downstream. Fish turning near
perpendicular, butslightly upstream and continuingo swim forwardcould breach the barrier ithe
electrical stimulus is insufficient to render fish incajeabf forward progressNo water current flowor
very low \elocity was used in the simulations timic this circumstance, where fish orientation to the
direction of electric current flow was uncontrollemhd fish could minimize bodyoltage Thus, the
operational protocols effective in the simulations were prownunderthe worst case environmental
condtion of no water current flow

A minimum duraibn of exposure waassumedo be the worstcase scenario in the simulatios direct
relation between duration of exposure and probability of immobilizatiasas hypothesized where
longer exposure periods would increase probability of immobilizatiot, ©nverselyshorter exposure
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periods would decrease probability of immobilization. The duration of the simulations (88 seconds),
which influences cumulative expore and rates of change in the field strength, were calibrated to the
estimated maximum sustainable swimming speed %dr¢ 76 mm bighead carp and represent the
estimated minimum duration of exposure on the Camadler the condition ofno water current fow. A

direct relationhas been demonstratethetween duration of exposure to pulsed DC amdrtality in
bluegillLepomis macrochiry®0 to 170 mm length), fantail darteEtheostoma flabellaré25 mm to 75

mm length; Whaley et al. 1978) and Cape Feareshi25¢ 65 mm length; Holliman et al. 2003), in the
context of electrofishing. Sternin et al. (1976) notes that the reaction of an organism depends not only
on the intensity of an action at an instant, but also on the overall volume of the stimulant. The
cumulative effect of an electrical exposure may lead to changes in fish reaction or even gradual
depression of the central nervous system. When the intensity of direct current is increased slowly,
immobilization can be induced by the simultaneous effaftdow gradient and cumulative exposure
[e.g.,narcosis sans the typical progression of fish reaction (i.e., perception/first response, taxis,pseudo
forced swimming, immobilization; Sheminsky 192%&ternin et al. 1976)Prel (1991) reported that the
phenomenon of accommodation and cumulative effect strongly influences threshold values of fish
response, with gradient for response decreasing with total volume of stimulus. Although fish did
react (first response)to the field strengths associated witthe lowfield (in the simulations)the
stimulus did not appear unpleasant, as fish did not appear digttbaad swimming was unimpaired.
Living organisms often adapt to weak stimuli (irritants), low gradients (Prel 1991).

Flight responses were consistgninduced on the rising side of the hifleld in the simulations. This
region of the exposure is associated witlpidly increasing gradient. Given that fish showed little
response to the lowield, the region of rapidly increasing gradient (the rissnde of the high field) may
serve as equipotential boundasto upstream penetration by small fish. If the small fish tend maintain
position below this equipotential boundary, as has been reported in large fish at the Barriers, they will
be continually egosed to the lowfield. Based on the work of Prel (1991), exposure to the low field may
increase susceptibility to electrical stimulustire small fish, increasing probability of immobilization
when challenging the high field. According to Sternin e{18176) the cumulative effect of an electrical
exposure may lead to changes in fish reaction or even gradual depression of the central nervous system.
Thus, &posure to the lowfield may predispose small fish to immobilization by the Highd. It is
hypathesized that probability of immobilization inases with duration of exposure to low gradients.
Additional study is warranted.

The effects of cumulativexposureto low levels of electrical stimulation on the physiology and
immobilization thresholds ofish arelargely unknown. Investigation into the effects of low gradient
exposure to electric fields is warranted. It is hypothesized that long term exposure to low gradient will
act on the physiology of fisho increase susceptibility to increased eledifiggradients. Similarly,
investigation of effects of swim speeid, the context ofincreasng or decreaing durations of exposure,

on immobilizationhresholdsis warranted.

Outcomes in the present study support hypotheses thharacteristics of waterbornelectric fields
influence probability ofinduction of passaggreventing behaviorsn youngof-year bighead carp,
supporting facets ofthe conceptualrisk model for barrier effectivenessPulsefrequency and field
strength were demonstratedo be signifi@ant individual predictors of immobilization #he screening
experiments. Amultivariable relationship was demonstrated between field strength, pfisguency,
pulseduration and fish length anthe probability of immobilizatiorin the experiment with prmising
operational protocolsBased on the outcomes of the experiment, effiwy of the electric barriers on
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the Canal will bestrongly influenced byhe operational protocol employedséchnical factorsin the
conceptual model)

The effects of cumulativexposure on thresholds of response must be considéexchuseof the siz of

the electric barriern the Canal.ln the experiment with promising operational protocolsnaparisons

of threshold cumulative exposure (and time to onset) for flight demonettasignificant differences
among the operational protocols. In general, threshold cumulative exposure for the flight responses
were leastwhen ultimate field strength was greatest (1.02 V/ciBecause ultimate field strength was
reached at the same time ithe patterns of theexposureshe gradients leading to the ultimate field
strength in the higHield were greater for thel.02V/cm exposure ascompared to the patterngor the

other exposuresThe reduction in cumulative exposure thresholds are believed to have reduied

the greaterrates of increaseas the time threshold for flight was also least in protoagplying 1.02
V/cm, which is in accordance with the results of Prel (1991).

Measures of cumulative exposure may be more appropriate than field strefogtttomparisons of
threshold responsgjiven the relatively long exposure times and heterogeneous nature opdierns

of exposuren the tests. @mparisons of thresholds for immdlziation among the operational protocols
demonstrated significant differences in time, field strength, and cumulative exposure. In gdimeeal,

to thresholdresponseand cumulative exposure fammobilization vere least in protocols applying 1.02
V/cm andpulsefrequency of 30 HzZComparisons of threshold field strength demonstrated protocols
applying 0.79 V/cm often had significantly lower threshold for immobilization compared to protocols
applying 1.02 V/cm. This outcome is misliggy asimmobilizationwas significantly less frequent with
these protocols andften occurred on the falling size of the high field

The prognostic model FS, PF, PL, L, PL*L represents the best available information for establishing
protocols for operation of the Barriers onéhCanal. The model was developed from simulations and
demonstrates the relative effectiveness of the various operational protocols for incapacitating-gbung

year bighead carplhe FS, PF, PL, L, Rirtignosticmodel was statistically superior toetother models
evaluated and provides the bestformation availableregarding the likelihood of immobilizirgg ¢ 72

(56 = 5) mnbighead carp encroaching upon electric barrierdihithe Chicago Sanitary and Ship Calhal

must be emphasized, however, that theodelis based on simulations and relatively small sample sizes.
The FS, PF, PL, L, PL*L model was based on 20 fish per experimental cell (combination of experimental
factors), a relatively small number of fish. This is esflgdimportant with regardo the point estimates

of probability forimmobiliation. For example, in experimentatls whee 100% of fish{20/20) were
immobilized[FS: 1.02 V/cm; PF: 30 Hz, PL: 2.5 ms; FS: 0.91 V/cm, PF: 30 Hz, PLtt#3ang]term
average percendf fishimmobilized could be as low as 85% (this is the lower 95% confidence irfterval

a binary responsdpr the point estimate of 100%wvith N =20). The confidence interval about the point
estimates shrinks as the sample siz¢hia experimental cells increas Application ofthe rule of threes
indicates that wherL00% of fish in an experimental cell are immobilizbeé lower limit of the 95% CI

would be 90%f fishimmobilizedwith 30 fish/cell, 95%f fishimmobilizd with 60 fish/cell, 97%f fish
immobiized with 100 fish/cell, and 99%f fish immobilizedwith 300 fish/cell(van Belle 2002)The

number of fish required in a fulh€torial experimenmaybecomeimpractical depending on the desired

level of confidence. Extensive testing for reduction@if@ence intervals, for validation and refinement

of the model, can be conductezh a select few experimental k&

Satistical significance was apparent among the levels of Sailength, pulsefrequency and pulse
duration in the prognostic modelThe FS PF, PL, L, PL*L model demonstdatestrong dependence
between probability of immobilization and fish lengtithere were direct relations between the
proportions of fish immobilized and field strength, pufsequency, and pulséuration. Fish were
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between46 and 72mm in length but a statistically significant positive relatiavas evidentbetween
probability ofimmobilization and fish lengthHolliman et al. (@03) found a similar relation between
mortality and fish length in Cape Fear shinefsa similar size rangg42 ¢ 83 mm) Use 0f0.90 asa
probability of immobilizatioras a cuipoint, aspredicted by the FS, PF, PL, L, PL*L mddeatonstrates
the strong dependencef probability of immobilization on fish size and operational protocol, ighe
predictedprobabilty of immobilization approached or exceededP bn F2 NJ TA A K X

71 mm exposed to 0.79 V/eB0 Hz2.0 ms,
53 mm exposed to 0.91 V/eB0 Hz2.0 ms
51 mm exposed to 1.02 V/cB0 Hz2.0 ms
69 mm exposed to 0.79 V/c20 Hz2.5 ms
64 mmexposed to 0.79 V/cAi5 Hz2.5 ms,
56 mm exposed to 0.79 V/cB0D Hz2.5 ms,
64 mm exposed to 0.91 V/c20 Hz2.5 ms,
61 mm exposed to 0.91 V/c2b Hz2.5 ms
51 mm exposed to 0.91 V/cB0 Hz2.5 ms
61 mm exposed to 1.02 V/ec20 Hz2.5 ms
53 mm exposed t4.02 V/cm25 Hz2.5ms,
and 51 mm exposed th.02 V/cm30 Hz2.5 ms

Silver carp, bighead carp and common carp share the behavioral characteristics of swimming against the
flow (Zhong 1990). There are numerous anecdotal reportargke fishat the water surfaceapparently
motivatedto swim upstreaminteractingwith the lowfield of electric barrier 1A, repeatedly penetrating

the field and falling back. The pilot study completed April 2009 demonstrated an ultimate field strength
of 0.79 V/cm, pulsdrequency of 15 Hz, 6.5 ms puldaration, the operational protocol for Barrier 11A

use at the time of this reporteffective for immobilizing the silver carp used in the stitly7 to 279

(196 = 36) mntotal length]. If the single lghead carp discovered in the Canal (3 December 20636

mm bighead carp collected during a rotenone event; lllinois Department of Natural Resources)
interacted with the electric barrier is not known. Based on the outcomes from the pilot study, it is
expected that passage of the fish would have been deterred by Barrier IIA, as the fish collected from the
Canal was 2 to4 times the length of fishusedin the pilot experiment.Additional study, under
controlled conditions, is warranted for verificatio the FS, PF, PL, L, PL*L model and refinement of
predictions.

Severabf the operational protocolsapplied in the simulationeeducedthe riskfor failure to immobilize
youngof-year bighead carp

0.79 V/Icm30 Hz2.0 ms (RR, 0.42; 95% ClI, 0;1896),
0.91 V/Icm25 Hz2.0 ms (RR, 0.42; 95% ClI, 0; 1896),
0.91 V/cm30 Hz2.0 ms (RR, 0.17; 95% ClI, G;@65),
1.02 V/Icm25 Hz2.0 ms (RR, 0.17; 95% CI, ;@65),
1.02 V/Icm30 Hz2.0 ms (RR, 0.08; 95% CI, ;@58),
0.79 V/cm30 Hz2.5 ms (RR, 0.085% ClI, 0.04.0.58),
0.91 V/Icm25 Hz2.5 ms (RR, 0.33; 95% ClI, 0;1886),
0.91 V/cm30 Hz2.5 ms (RR, 0.07, all fish immabilized),
1.02 V/icm20 Hz2.5 ms (RR, 0.17; 95% CI G;@65),
1.02 V/icm25 Hz2.5 ms (RR, 0.25; 95% CI 0;@B75),
1.02 V/Icm30 Hz2.5 ms (RR, 0.07, all fish immobilized),
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compared to the protocol demonstrated most effective for larger, juvenile silver carp (in the pilot study).
In generalrisk forfailing to incapacitatdighead carp in the simulationgas reducedvith operatonal
protocols employingpulsefrequencies of 2®r 30 Hz Overall, operational protocols applying DC pulsed

at 15 Hz (or less) were relatively unsuccessful in immobilizing bighead carp. Rates of immobilization
ranged from 0.30 to 0.55 isimulationsapplying 15 Hpulsed DCin the screening experimersind 0.55

was achieved when applied at 1.5 V/chihus, operational protocols applying 15 Hz were excluded from
the factorial experiment, as they had been demonstrated in the screening experiméiatin effective

at inducing immobilization (i.e., protocols applying 15 Hz were not promising).

The simulations serving as the baseline in the post hoc comparisons of risk were conducted as
precursors to potential future researcifhe combined rate of immobiition was 0.40 in thee
simulations where FS: 0.79 V/cm, PF: 15 Hz: BI5 ms Because three of trse simulationswere
conducted withwater flow ratesof 5 cm/s or 10 cm/s, which wergreater the rate used in thether
simulations(3 cm/s), immobilizatio ratesin these simulationsnay begreater than if the simulations

had beenconducted at 3 cm/sThus post hoc estimates of RR may be underestimatadtther, the
experiment on promising operational protocolere conducted on individual fisind the sinulations
serving as the baseline was conducted on groups of fi$tus, there is potential for behavioral
differences between fish exposed in groups versus those exposed as indiviflubEse behavioral
differences would influence rates of immobilizatiois unknown, but the combined rate of
immobilization in the baseline groups was very similar to the rates of immobilization associated with
operational protocols applying 15 Hz in the screening experim@usducted with no flow, flow at 0
cm/s).

Outcomes in the present study provide support for inclusion of fish size as a biological factor in the
conceptual Risk Model for Barrier Effectiveness. Similarly, support for inclusion of field strength, pulse
frequency, and pulséuration as technical factors the model was demonstrated. An inverse relation
was demonstrated between risk and fish size and a multivariable relation was demonstrated between
the factors defining the waterborne field and risk for breaching the barfiesting ofother components

in the conceptual Risk Model for Barrier Effectiveness is underway.

Verificationof FS, PF, PL, L, PL*L mpdslndividual factors if necessargnd other components of the
conceptual Risk Model for Barrier Effectiveness the Canalis recommendedDevelopment of a
widely available, innocuous, surrogate species, or suite of speabi@sgh comparative testing under
controlled conditionsfor evaluation, calibration, and verificatiasf Barrier performance on the Canal
would be prudentBecause of théost of factors that may confound field experiments and the difficulty
associated with experimenting directly on the Canal, refinement ofthetric fieldsimulationsystemis
underway.
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3 ¢ Potential Effects oiWater Gonductivity on Barrier Effectiveness

Simulations of outcomes of encroachment upon the electric barigrs/oungof-year bighead carp
demonstrate the likelihood of immobilizing small bighead carp is strongly influenced by the
characteristics and magnitude of the waterborne electric fiéitblliman, this report) Ultimately,
however, it is he characteristicsand magnitude of electric current that is introduced into the flesh of
fish that determines whether or notpassagepreventing behaviorsire induced The efficiency of this
transfer of electrical energy from the water transmitting the electric fieldhe flesh offish immersed
within the waterborne electric field is determined by the mismatch in abilities to conduct electricity
between the two mediums.

The electric barriers on the Chicago Sanitary and Ship Canal are located at river mile 296.1. Water
guality monitoringat stations upstream of the barriers, at Romeoville Road and Routgi\&3 miles
296.2and 304.7) from October 1998 to April 2010, by the Metropolitarai&t Reclamation District,
demonstratesmarked seasonal variation in the condiuity of water in the Cana(Figure 3¢ 1). Mean

specific conductivity was 981 (+ 402) uS/cm over pleisod of 12-years, with a minimum of 489 uS/cm

and a maximum of 4697 uS/cm. Examination of specific water conductivity measures by month
demonstratesdistributions of water conductivity measures were relatively consistent April through
November, butwere right skewed December through Mardiater conductivy washighestin January

(4640 pS/cm), February (4697 uS/cm), March (4180 uS/cm), and Decem#@r(Sftm) compared to

the remaining months of the year (805 + 182; maximum, 1940; minimum, 489).

The fluctuations ithe conductivity ofwvaterin the Canahre important to the operation of the barrier in
the context of the electrical load experienced the power systemi(e., power demand) and in the
mismatch in conductivity between water and fish. Thevpo system for the barrieis a constant voltage
system. As such, the systeautomatically compensatefor the changes irelectrical load (water
conductvity) by chaming the electrical current outputo maintain output voltage within the power
limits of the systemWhether additional compensation ihe electrical outputof the barrier beyond
the automatic compensation by the power systewill be necessary tmvercome mismatches in
conductivity between water and fish, tmaintainthe effectivenesslectric barrier at inducing passage
preventing behaviori the targeted fishegs unknown

The Power Transferheoremshows that transfer oélectrical signals is maximized under conditions of

matched resistance (inverse of conductance) between electrical source and load. Kolz (1989) applied the
Power Transfer Theorem to electrofishing (i.e., the use of electricity for capture of wild fisk)pdimg

a mathematical model for calculating electrical energy transfer from waterborne electric fieldhto fi
Instrumentation toquantify the conductivity of water® is widely available. The determination of
conductivity of live fish during an eleical exposureis, however, problematic (Kolz 2006)The

e GAYLFGOA2Y 2F (GKS &S 7T 0§ WihichdsSbasedod yaRelz®d fitishplds fad T A 2
behavioral responses to electrical exposures, is more tractable.

Behavioral response of fish to electrical exposure can be employed as an indirect measungvof

power achieved in a fish (Kolz 1989, Kolz 200®ke energy levels in waterborne electric fields
associated with thresholds fdrehavioralresponses of fts have been shown to vary in accordance with

the concepts of Power Transfer Theory (Kolz 1989, Kolz and Reynolds 1989, Miranda and Dolan 2003,
Bearlin et al. 2008Because fish behavioral responses reflect leveis efvopower, similar responses

can beexpected from fish though the aquatic environment may vary. Hence, the thresbsfbnse
relationship is useful for inference of laboratory results for field operations
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Water conductity (uS/cm)

Figure 3¢ 1. Water conductivity on the CSEbx plots and histograms specificconductivityof water (uS/cm) in
the CSSC by monttA and B and year(C and I The measures were collected by the Metropolitan Wa
Reclamation District near the barriers, at river miles 304.7 (Route 83) and 296.2 (Romeoville Road), Aug
through April 2010. The boxes indicate the 25th, 50th, and 75th quartiles. The whéskersl to the outermost
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Effective conductivity has been estimated for a few sizes and species of fish. Based on thresholds for
immediate induction of immobilization, effective conductivity point estimates fog 80 mm goldfish

Carassius auratugaried with the characteristicsf the electric current (DC, 83 uS/cm; AC, 156 uS/cm;

50 Hz pulsed DC of 2, 5 and 10 ms pdisetion, 145 uS/cm, 160 3n, and 137 puS/cmKolz and
Reynolds 1989). Estimates of effective conductivity of @860 mm channel catfistctalurus punctatus
immobilized by3-secondexposures to DC or 1 ms pulses of DC at 15, 20, 30, 60 or 110 Hz,franged

89 to 138 uS/cm Miranda and Dolan 2003). Effective conductivity estimates for Murray cod
Maccullochella peelii peekixposed to4 ms pulses of DC at 60 e 3 seconds varied with targeted
response (escape, 65 uS/cm; forced swimming, 78 uS/cm; immobilization, 80 uS/cm; narcosis, 46
puS/cm). Threshold voltage gradients for flight in bighead and silver carp exposed to 50 Hz AC, in water of
various conductivit (Liu 1990), conformed to power transfer theory, resulting in point estimates for
effective conductivity of 56 uS/cm and 96 uS/cm (Da@ad Miranda 2003).Areshold voltage gradients

for forced swimming in 30 cm eels, reported bgmarque (1967), anébr first response in trout,
reported by Sternin et al. (1976conform to power transfer theory. Analysis of this déba this report
provides an effedve conductivity estimate of 78S/cmfor eels and 100 uS/cm forout.

Comparison obreviousestimatesof fish effective conductivitjor various speciesvith measures of
water conductivityin the Ginal indicatethat a significanimismatch in the conductivity betweehe two
mediums is likely the effective conductivity of fish encroaching uporhé electric barrier willbe
considerably less than the conductivity of the water transmitting the electric field. The goal of this phase
of the study was to determineperational protocoldor the electric barriers to maintain efficiencyat
inducing passagpreventing behaviors in yourgf-year bighead carp in water of varioasnductivity.
Specifioobjectives were to (1¢stimate fish effective conductivity and threshold levelsf transferred
power density(O , (2 estimate fish effective conductivitp and threshold levels of transferred
electrical energybasedon cumulative exposuréO ¢i , and(3)relate these factors to operation of the
barriers on the Chicago Sanitary and Ship Canal

Methods

Two independat experiments were conducted at the Army Corp of Engineers, Aquatic and Ecosystem
Research and Development Cent&nvironmental LaboratoryiEngineer Research and Development
Center, Vicksburg, Mississippi fromOgtober 2010 to 9 November 200Bondcultured bighead carp
were used in the study. Fish were transported to the host facility via hatchéiiglgeeandheld in closed,
water re-circulating systemgFigure 3¢ 2) for a minimum of one week after transport, prior to being
used in the experiment.

Electrical exposures were appli in one of two norconductive tanks, depending on the experiment
objective Exposures to determine threshold power density levels for targeted responses were applied in
a glass 61 cm x 22 cm x 32 cm tank. Exposures to determine response thresholds for cumulative
exposure were applied in 570 cm x 45 cm x 51 cfiberglass tankElectric fields uniform in the cross
section with linear changes in voltage gradient (E) along thegttsn(Holliman and Reynolds 2002
were generated by applying electrical energy to stainless steel, plate electrodes, fitted to the inner
dimensions of lte exposure tanks and positioned parallel. The electrodes were covered with-a non
conductive plastic mesh to protect from fish from contact with the electrodes. Pulsed DC electric fields
were generated within the tanks usinbe electric field simulationystem ora programmable power
supply. A calibrated digital oscilloscope connected to the electrodes was used to confirm and monitor
the electrical characteristics of the treatments.
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Figure 3¢ 2. Closed water recirculating systen?ond culturedyoungof-year bighead carp were hel
closed water-recirculating systems at the US Army Corp of Engineers, Aquatic Ecosystem R
Development Center, Environmental Laboratory, Engineer Research Development Cef&D(E)
Vicksburg, Mississipgirior to being used in the studyThe experimentsevaluating effects ofvater
conductivityvariationon electric barrier operatiomn the Chicago Sanitary Ship Canal was conduct
October to 9 Novembe2009.

Electrical exposures were applied to naive baghearp individuallyFish were exposed to 2 mpsilses of
DC, cycling at 30 Hz, mulse frequencypulse duration combination shown effective for inducing
passagepreventing behaviors iprior simulationsof encroachment into the field of Electric Barriéf

by youngof-year bighead carp (Holliman, this report) The exposures were applied in well water
(conductivity of about 250 uS/cm) after dgenization or application of Instant Ocean® to achieve levels
of ambient conductivity of approximately 20, 4@Q, 150, 500, 1000, 2000, and 4000 uS/gime order

in which the levels of conductivity were tested was randomiz&ppropriate numbers of fish were
acclimated to wateiof each targeted level of conductivity for a minimum of 3 days prior to use in the
expaiment.

The behaviors of théish were monitoredduring the electrical exposure3argeted responses in the
power-densitythresholdresponse experiment were first responstgrced swimming with loss of
equilibrium, and immobilizationTargeted responses ithe cumulative exposure experiment were first
response, flight, and immobilizatiofrirst response (the initial reaction to the presence of an electric
field) typically included startle, rapid start, distinctive twitches of the head or tail, or brushenbody
against the side or bottom of the tankorced swimmingvith loss of equilibrium was characterized by
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short-stroke, rapid taibeat, ineffectial swimming accompanied bylossof-equilibrium. Flight was
characterized as the onset of rapid (frantign-directed swimming, and often included fish swimming
from sideto-a A RS Ay (KS G y2 t diYTasSkgh xblsponsd often dranBitdoned into
forced swimming while righted dorced-swimmingaccompanied byossof-equiibrium. Immobilization
(tetany) was characterized bya complete cessation of swimming motions and was typically
accompanied by lossf-equilibrium.

Power density thresholds for first response, psedidaed swimming, and immobilization were
determined with electrical exposures lasting only long enough to ascertain fish respoi$e
temperature of water in the tank was between 20.0 and2@1.6 + 1.4) C. An incremenpabcess was
employed to determine the onset (threshold) of the targeted responses, wheravigsh incrementally
exposed to various levels of field strength to discover the threshold of the targeted responses. The
number of exposures wdsnited to avoid fatigue in the exposed fishes. The strength of the electric field
[(voltage gradient, E, (volam)] associated with the onset of first response and forced swimnmiitiy
lossof-equilibriumor first response and immobilization were determined for each #skotal of50 fish

were used at each of the levels of water conductiuitghe power densitythreshold tests The order in

which the levels of conductivity were tested was randomized.

Simulations of encroachment upon electriarBer IIAwere employed to establish cumulative exposure
thresholds for first response, flight, and immobilization. The temperature of water in the tank was 19.4
to 20.6 (19.8 = 0.5) C. The strength of the electric field was varied over time to simulate the &lectric
exposureexperienced by fish traversing the field of Electric Barrigrdt the surface of the canal (Figure
3¢30® ¢KS NIy3aS 2F FASEIR FASBRIAGK| A3 D2FRAEERByaAr il K2
The ultimate fieldstrength the peakof the highfield, was varied between 0.79 V/cand 1.5 V/cm,
depending on water conductivity.he duration of the simulations, which determined rates of change in
field strength, was calibrated to the estimated time required for¢s26 mm bighead carpottraverse

the ~ 44 meter electric barrier under the conditions of no water current flMdaximum sustained
swimming speeds of bighead carp was 20 cm/s in swim tests on individuals and 40 cm/s in swim tests on
groups of 3 or 5 fish.Bighead carp from the cohort typically swam 50 cm/s for less than 1 minute,
although some high performers in groups did swim longer per{pgssonal communication, Dr. Jack
Killgore, Dr. Jan Hoover, Army Corp of Engineers, Environmental Labocatemginer Research
Development Center, Vicksburg, Mississippi). The exposure period was calibrated to a swimming speed
of 50 cm/s, simulations of 88 seconds duration. A exposure thought to be the-aamet as duration of
exposure was minimizedn external time was used to estimatexposuretime at the onset of targeted
behaviors, which was then used to estimate threshold voltage gradient (V/cm), thresbwiel density
(MW/cm®) and threshold cumulative electrical energy (uWiers).

A total of 20 fish were sed at each of the water conductivity levels, in the simulations. Each fish was
immersed in an overdose solution of 32 immediately after completion of the electrical exposure.
Measures of total length (mm) and weight were collected on each fish. RieviEsting had been
conducted with the 30 Hz, 2 ms operational protocol in water with conductivity of 1000 pS/cm
(Holliman, this report, screening experiments), these data were included in this analysis, and the trial
was not repeated. Otherwiséhe orderin which the levels of conductivity were tested was randomized.
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Figure 3¢ 3. Electric fieldn the simulations The electric field strength varied with time in th
simulations of encroachmerihto Barrier IIA under various conditions of water coniltity in the
Canal.The exposures simulated the electrical signal of Barrier IlA, at the surface of the C
Sanitary Ship Candatterns of electric field strength associated with simulations applying ultin
field strengths of 0.79 V/cm and 1.5 Wic are shown.The strength of the eledtr field in the
simulations varied with time (seconds). The exposures simulated yeafhgear bghead carp
encroaching upon thelectric field at a constant rate of 50 cm/s.

Applied power density@® huw/cm®) associated with the onset of targeted behaviaras estimated for
each fishusingO 'O ¢& , where'O was thethreshold voltage gradient (V/cm) an® was the
ambient conductivity of the water in the test tank. Threshold cumulative expogurdhe targeted
behaviors QO ¢, uw/cnt - s) in the simulations was estimated by summing the products of discrete
power density 0 , pW/cnT) levels and time intervalsom the beginning of the exposute the onset

of the targeted behavior. T exposures were divided into 1024 discrete intdsvof time and field
strength for the calculations.

Threshold values oépplied power densityO were fitted by the nodinear leastsquares method
against the theoretical curves for maximum poweansfer O O pjc pPT OO Djd ,
where O was thethreshold in vivo power densityand ¢ = fish effective conductivity (Kolz and
Reynolds 1990). The equation was solved iteratively to achieve the best fit for estimation of parameters
for O and® (with 95% or 90% confidence intervals). Similarly, thoés cumulative exposuref® ¢ )
for targeted responses in the simulationgre fit to the theoretical curve for maximum power transfer
to estimateO ¢, thein vivocumulative exposure for the flight response akd Theoretical curves for
maximum power transfer werealso fit to thresholdO ¢i values for immobilization (from the
simulationsof encroachmenk using values ofy estimated in the power-densitythresholdresponse
experiment to estimatéO ¢ and to evaluate model fit with theariousc. Modelgoodnessof-fit was
quantified with the R statistic (Kvalseth 1985), callatedas 'Y p B @@ ®] & @), where®
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was the logarithm of threshold electrical energywas the predicted electrical energy, adowasthe
arithmetic mean of allo8

The multiplier for constant power (MCRolz 1989)vas calculated with 6 0 p Qjd j TOjd ,
using estimates ob for forcedswimming (with loss of equilibrium) and immobilizativom the power
densitythresholdresponse experimentThe intersection of the MCP distributions for the two values of
 was used to estimate thé roughly sfitting the difference betweerhe curves(eranda and Dolan
2003) Power transferable from water to fish was calculated with 0 j0 6 0 Power output goals

0 for the Barrier under different conditions of water conductivity weadculated by substituting for

0 in the equation which providedd 0 0 & OBurkhardt and Gutreuter 1995). Power gods
Electric Barrier llAvere calculated forthe set of operation& protocols evaluatedin simulations of
encroachment ad prognostic moded of immobilizationHolliman, this report) and for the operational
protocol demonstrated effective on juvenile silver carp in the pilotdgtyHolliman, this report).
Estimates of BarrieHA 0 (pulse power\when applying the operational protocols in water of 2,000
puS/cm conductivitypersonal communication, Doug Malone, Srbot, Inc., Vancouver, Washington)
were used to derive baselined . Power goals for the various operational protocols were cated|éor
water conductivity between 400 and500 uS/cm Statistical analyses we accomplished usingMP
statistical softwareyersion 8 (SAS 2009

Results

Dataon threshold power density for the various responsesrevcollected on a total of 400 bighead
carp. The fish were 42 to 7fnéan + standard deviatio3 = 5) mm total length and weighed 0.3 t®2
(1.2 £ 0.4) grams. Thresholfts behavioral responses variéa accordance with power transfer theory.
Estimates of bighead carp effective conductinatyd transferredpower density varied wittbehavioral
responseBased on the threshold power densfty first responseg was estimated to be 39 (95% &1,
¢ 69; 90% Cl 364) uS/cm andO to be 0.68 (95% GD.13¢ 1.18; 90% ClI, 0.051.11) uW/cni. Based
on thethreshold power density foforced swimmingwith loss of equilibriumfish effective conductivity
wasestimated to be 95 (95% CI, §A35) uS/cm with transferred poweasstimated to bell2 (95% ClI,
87 ¢ 112) uWicnt. Based on threshold powedensity for immobilizationgffective conductivity of
youngof-year bigheadcarpwas estimated to be 84 (95% CI, 68.00) uS/cm and transferred power
density was estimated to be 166 (95% CI,-198) pW/cni (Figure 3¢ 4). The R statistics for the
modek fit to the threshold power density data were 0.84 for first response, 0.88 for pstuded
swimming, and 0.90 for immobilization.

In all, 160 fish were used in the simulations of fish challenging the electric barrier under various
conditions of water anductivity. Fish used in these simulations were 42 to 72 (54 £ 5) mm total length
and weighed from 0.6 to 2.9 (1.3 £ 0.4) grams. First response was recorded for 83% of fish in the
simulations.Flight responses were recorded in 95% of the simulations. lpilipation was induced in

66% of the simulations (Figure¢®). The incidence of immobilization varied from 0.00 to 1.00, among
the water conductivity levels (23 uS/cm, 0.00; 43 uS/cm, 0.00; 97 uS/cm, 0.90; 151 uS/cm, 0.90; 530
puS/cm, 0.85; 986 uS/cm, DP1965 uS/cm, 0.90; 4049 uS/cm, 0.80).
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First response, psuedo-forced swimming, and
immobilization thresholds in juvenile
bighead carp
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Figure 3¢ 4. Plots of behavioral threshold power density versus water conductilibglog plot of
power density versus water conductivity for predicting powereticit first responseforced swimming,
and immobilization in juvenile bighead caiean values of the response threshgddwer-density and
the fitted theoretical curves for maximum power transfer are plotted as functions of water conduci
Effective conductivity for bighehcarp was estimated to be 3®0% CI, 3 64) uS/cm based or
thresholds for first response, 95 (95% CI;18%) uS/cm based on thresholds for psetfdcced
swimming, and 84 (95% ClI,-421) uS/cmbased onthresholds for immobilizationln vivothreshold
power density was estimated to be 0.68 pW/tfor the first response, 112 (95% CI-BI2) pW/cni
for pseudeforced swimming, and 172 (95% CI, 11B®) pW/cn? for immobilization.

The threshold for first responses varied markedly in the simulations, doguinomoneto 54 seconds
leading to outliers in the data distributions (Figure 8). The variability in the threshold power density
and cumulative gposure for first response in the simulatioggongly influenced the fit of model. The
model fit to threshold power density failed to convergpreventing estimation of model parameters
until outliers from the 4000 uS/cm ewsures were removed.he fit of the power transfer curve to the
threshold cumulative exposure data weaery poor (R = 0.27) asreflected inthe confidence intervals of
estimated (90% CI;126 ¢ 108) uS/cmand transferred poweilO ¢ = 27.6 (90% @ 110 ¢ 80)
uW/cm®- s
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