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Executive Summary 

Bighead carp Hypophthalmichthys nobilis and silver carp H. molitrix 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 Engineers is employing a 
series of localized waterborne electric fields in the Chicago Sanitary and Ship Canal (CSSC) to act as 
barriers to dispersal of aquatic nuisance species through the waterway.  

Five independent experiments were conducted, in a controlled setting, to identify and elucidate 
relationships between risk for breach of Electric Barrier IIA and the characteristics of the waterborne 
electric fields fields, water conductivity, fish behavior, and water velocity.  

A Conceptual Risk Model for Barrier Effectiveness, 

Biological factors Environmental factors Technical factors 
fish species water conductivity type of current 
fish size 
physiology 
behavior 

water velocity 
water temperature 
water depth 

field strength 
pulse-frequency 
pulse-duration 

swimming speed    habitat field size 
field distribution 
field orientation, 

was devised to provide a framework for understanding barrier function, to aid development of 
hypotheses for testing, and to provide direction for research and development. These factors are 
hypothesized to influence risk for breach of the Barriers. Factors directly tested in the experiments 
included: fish size, behavior, water conductivity, water velocity, field strength, pulse-frequency, and 
pulse-duration.  

In a pilot study conducted April 2009, an operational protocol of 0.79 V/cm field strength, pulse-
frequency of 15 Hz and pulse-duration of 6.5 ms was demonstrated effective for immobilizing juvenile 
silver carp of 137 to 280 (average ± SD; 195 ± 35) mm total length. This operational protocol is presently 
in use on the CSSC. 

Experiments on the effectiveness of various operational protocols to immobilize  encroaching small (51 
ς 76 mm) bighead carp were conducted September ς December 2009. Simulations developed for the 
experiment employed the hypothesized worst case scenario for preventing passage of the targeted fish: 
(1) encroaching fish were small, (2) encroaching fish were swimming at the surface of the Canal, (3) fish 
penetrating the electric barrier continued upstream despite receiving electrical stimulus, (4) very low or 
no water current, and, (5) fish traversed the barrier at their maximum sustainable swimming speed. The 
FS, PF, PL, L, PL*L model developed from the simulations provides the best information available 
regarding the likelihood of immobilizing small bighead carp encroaching upon Electric Barrier IIA. Several 
of the operational protocols tested reduced risk for failure to immobilize small bighead carp compared 
to the protocol presently in use on the CSSC. Risk was significantly reduced with pulse-frequency of 30 
Hz when applied at an ultimate field strength of 0.91 V/cm and pulse-durations of 2.5 ms. Outcomes 
indicate that penetration of the low field of Barrier IIA by bighead carp is likely, regardless of the 
operational protocol employed (of those tested). The sharply increasing gradients of the rising side of 
the high field of Barrier IIA, however, are expected to serve as a boundary for upstream penetration of 
the barrier by small fish, when operational protocols demonstrated effective in the experiment (e.g., 
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ultimate field strength: 0.91 V/cm; pulse-frequency: 30 Hz; pulse-duration: 2.5 ms) are applied. The 
extent to which fish penetrate the fields of the barriers will be inversely related to fish length. 

An experiment evaluating effects that water conductivity may have on the effectiveness of the barrier 
for immobilizing small bighead carp was conducted October ς November 2009. Variation in the 
conductivity of Canal water is important to barrier operation because of power demands and mismatch 
in conductivity between water and fish; when conductivity of Canal water increases power demand 
increases and the efficiency of power transfer from waterborne field to fish decreases. Fish effective 
conductivity (ὧ) was estimated to be 90 µS/cm. Analysis of water conductivity measures collected near 

the barriers, collected October 1998 ς April 2010, provided 981 (± 402) µS/cm as the mean specific 
conductivity of water in Canal. Further, there was a seasonal component to fluctuations in water 
conductivity, as maximum values occurred from December through March (3049 ς 4697 µS/cm). In 
simulations of encroachment, 80 ς 100% of fish were immobilized when protocols of 0.79 ς 0.91 V/cm 
ultimate field strength, pulse-frequency of 30 Hz, and pulse-duration of 2 ms were applied in water from 
100 to 4000 µS/cm conductivity. Power goals were developed for various operational protocols to guide 
selection under conditions of excess power demands on the barriers caused by high water conductivity. 

Volitional challenge of electric fields by small bighead carp was evaluated March ς April 2010 in a 
raceway experiment. A water current velocity of 6 ς 7 cm/s provided motivation for the young-of-year 
bighead carp to swim upstream (positive rheotaxis). Outcomes supported the assumption in the  
simulations (described previously) that bighead carp would continue into fields of higher intensity 
despite receiving electrical stimulation. In some trials, fish  challenged the electric field repeatedly, often 
immediately upon righting after incapacitation incurred in previous attempts. These behaviors indicate it 
prudent to assume that small bighead carp will not avoid the high-field of Barrier IIA, but will repeatedly 
penetrate the electric field to the extent possible. Thus, the high field of Barrier IIA should be operated 
at levels adequate to stun targeted invasive carps. 

The influence of water velocity and operational protocol on risk for breach of Barrier IIA was evaluated 
in an abbreviated experiment conducted March ς April 2010. Risk for fish to maintain position in an 
electric field, in the simulations, was inversely related to water velocity. Based on outcomes in the 
experiment, risk to breach Electric Barrier IIA is expected to be reduced under conditions of flow velocity 
җ мр ŎƳκǎ ŎƻƳǇŀǊŜŘ ǘƻ ǿƘŜƴ Ŧƭƻǿ ƛǎ Җ т ŎƳκǎΦ From March through June 2010, the incidence of reverse 
flow was rare (< 0.1%), with rates sufficient to induce positive rheotaxis even more rare. There was a 
single occurrence (1/169,748) of reverse flow that may challenge the swimming capabilities of 51 -75 
mm bighead carp during this period. Under conditions of no water flow in the Canal, the motivation for 
fish to challenge the electrical barrier is uncertain, but this is a worst-case scenario for preventing 
passage when fish encroach upon the electric barrier. Under conditions of flow, encroaching fish that 
attempt to reduce electrical exposure (body-voltage) by turning perpendicular to the direction of 
electric current flow simultaneously orient perpendicular to the direction of water flow and are swept 
downstream. From January 2005 through June 2010, average daily water current velocity was ~22 cm/s 
near Lemont, IL. Assuming a direct relation between the measures taken near Lemont, IL and the 
velocity of flow at the Barriers, during this period daily water flow velocity exceeded 50 cm/s on 4% of 
the days (indicating that if motivated, small bighead carp could have progressed upstream to challenge 
ǘƘŜ .ŀǊǊƛŜǊ ƻƴ фс҈ ƻŦ ǘƘŜ ŘŀȅǎύΣ ǾŜƭƻŎƛǘȅ ǿŀǎ җ мр ŎƳκǎ on 72% of the days (a flow rate that reduced risk 
for fish to maintain position in the electric fieldύΣ ǾŜƭƻŎƛǘȅ ǿŀǎ җ т ŎƳκǎ ƻƴ фф҈ ƻf the days (a flow 
adequate to motivate small bighead carp to swim upstream in the experiment on volitional challenge of 
electric fields described previously). Outcomes indicate that under conditions of increased flow, 
operational protocols could be reduced without loss of barrier efficiency, but additional research to 
develop and test relations between flow velocity and risk for breach of the barrier is recommended. 
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1 ς Pilot Study on Effective Electrical Parameters for Incapacitating Juvenile 
Silver Carp   

Constructed for wastewater management and shipping access between the Great Lakes and the 
Mississippi River System, the Chicago Sanitary Ship Canal (CSSC) is a potential conduit for exchange of 
invasive aquatic species between the systems. Colonizing aquatic invaders have been discovered in the 
CSSC (e.g., round goby Neogobius melanostomus, zebra mussel Dreissena polymorpha) following their 
introduction to the Great Lakes (Charlebois et al. 1997). Invasive Asian carp, bighead carp 
Hypophthalmichthys nobilis and silver carp H. molitrix, have established reproducing populations in the 
Mississippi River System. The life cycle of these fishes includes prespawn upstream migrations. Asian 
carp have been reported in the Illinois River, downstream from the CSSC since 2005 (Stainbrook et al. 
2005). A bighead carp was recently collected approximately 5 river miles downstream from the system 
of electric barriers operating on the Canal (Illinois Department of Natural Resources 2009). There is an 
imminent threat of invasion of the Great Lakes by bighead carp and silver carp with the CSSC serving as 
an invasion pathway.  

 The Army Corps of Engineers operates a series of pulsed DC electric barriers  to the block dispersal of 
aquatic nuisance species through the CSSC. The most upstream barrier (designated Barrier I), designed 
and constructed as a demonstration project, has been in operation since April 2002. A second barrier 
(designated Barrier IIA), which covers more area [the electric field covers the Canal from side-to-side 
and about 44 meters (m) in the upstream-downstream direction] and is capable of generating electric 
fields of significantly greater intensity than Barrier I, became operational in 2009. A third barrier 
(designated Barrier IIB), currently under construction, is planned to become operational late 2010.  
The primary systems in electric barriers include the physical structure, a collection of electrodes, and the 
power supply (Sternin et al. 1976). The electrode array provides the interface between the onshore 
system and environmental water. Early electric barriers typically employed single-phase or three-phase 
alternating current (AC). In the 1950s, pulsed direct current (pulsed DC) was found effective for guiding 
or blocking passage of fish (Halsband 1967) and replaced or augmented the use of AC, sometimes to 
prevent or reduce fish mortality (McClain 1957; Hunn and Youngs 1980). As power supplies have 
become more powerful and sophisticated, a monitoring-control system has become the fourth system 
necessary in the modern electric barrier. Most early electric barriers employed vertical, hanging 
electrodes, but bottom-mounted cable-like electrodes have become more common (Hunn and Youngs 
1980; Swink 1999). This arrangement of the electrodes ensures maximum exposure to fish swimming 
upstream. The electric barriers operating on the Chicago Sanitary and Ship Canal, employ pulsed DC and 
cross-channel, bottom-mounted electrode systems.  

The operation and function of electric barriers is based on incorporation of environmental water into an 
electrical circuit chiefly composed of conductors (submersed electrodes) and a source of electrical 
energy. In this circuit, environmental water and local environment act as a path for electrical current 
flow ŀƴŘ ǘƘŜ άƭƻŀŘέ όǊesistance) for the circuit. 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 flowing through 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 in the water. In general, the strength of 
the electric field increases with proximity to the electrodes in both the vertical and horizontal aspects.  
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The electric energy output by the electric Barriers on the CSSC can be described by the voltage of the DC 
pulses applied to the electrodes, the frequency at which the DC pulses are applied, and duration of each 
DC pulse. The characteristics of the electric energy applied to the electrodes by the electric barrier 
power system are directly reflected in the waterborne electric field. The strength of the waterborne 
electric field (i.e., field strength), measured as the change in voltage (in the field) per unit distance, is 
directly proportional to the voltage applied to the electrodes. The waterborne electric field pulses at the 
rate which the pulses of DC are applied to the electrodes [measured in cycles per second (Hz)]. The 
duration of the pulses of the electric field (i.e., the pulse-duration) matches the duration of the DC 
pulses applied to the electrodes (measured in milliseconds, ms). The ratio of the pulse-duration to the 
period of the pulse (the period is the repetition time for the pulse) is referred to as the duty cycle and 
usually reported in percent (%). 

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. 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 tests of the electrical parameters employed 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 et al. 1990), driving the need for research specific to 
the Barriers operating on the Canal. 

Initial evaluations of electric barrier effectiveness employed adult common carp Cyprinus carpio, as 
Asian carp have only recently been collected in the vicinity of the electric barriers on the Canal (Illinois 
Department of Natural Resources 2009). Anecdotal evidence and field study indicated that Barrier I, 
which was constructed to demonstrate and test the technology,  was effective for preventing upstream 
passage of adult common carp Cyprinus carpio. Anecdotal observations from July 2002 suggest the 
barrier was effective at preventing upstream passage of adult common carp, as numerous adult 
common carp were observed maintaining position immediately downstream of the barrier (Sparks et al. 
2004). Field evaluations of Barrier I were conducted in 2002, 2003, and 2004, using acoustic- or radio-
tagged common carp (Dettmers and Creque 2004; Sparks et al. 2004), where tagged fish were released 
below the barrier. Of 115 fish implanted with transmitters, 97 were located by fixed receivers at the 
dispersal barrier and mobile tracking accounted for 111 of them. There was one known breach of the 
barrier by a tagged carp; on 3 April 2003, fixed radio receivers indicated a fish traveled upstream 
through Barrier I. Barrier I was operating normally before, during, and immediately after the breach 
(Sparks et al. 2004). Investigation of the incident revealed that this fish may have been pulled through 
the electric field, entrained by a commercial vessel. The fish was later located 1.5 miles upstream of the 
barrier, believed dead. The incident demonstrated commercial traffic in the Canal may influence barrier 
efficiency and led to the development of corrective measures (Dettmers et al. 2005).  

In response to the breach of the barrier on 3 April 2003, the operational protocol for Barrier I was 
changed; the pulse rate and duty cycle were increased from 2 Hz, 0.4% duty cycle (2 ms pulse duration) 
to 3 Hz, 1.5% duty cycle (5 ms pulse duration). Later in 2003, Barrier I operational protocol was changed 
again, pulse-frequency was increased to 5 Hz and duty cycle to 2% (4 ms pulse duration). The maximum 
field strength was maintained at 0.4 V/cm. There have been no further reports of tagged fish crossing 
the electric barriers.  

Initial field evaluations of the electric dispersal barriers employed common carp as surrogates for Asian 
carps. In a study of electric and acoustic-bubble barriers, initiated in 2001, efficiencies of electric and 
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acoustic-bubble barriers in blocking passage of bighead carp and silver carp  were evaluated in a 
raceway experiment. In the study, passage of bighead carp was prevented  by an electric field 
characterized by 3 Hz, 1.5% duty cycle (5.0 millisecond pulse duration)]; 100% (59/59) of attempts to 
traverse the field were thwarted. Large bighead carp were reported as very sensitive to electric fields 
(Dettmers and Pegg 2003).  Silver carp, however, successfully breached the electric field. Subsequent 
testing succeeded in preventing the passage of small silver carp through the electric field, but the 
electrical parameters were high and not within practical limits for use on the Chicago Sanitary and Ship 
Canal (Pegg and Chick 2003; Pegg and Chick 2004).  

It is well established (in the context of capturing wild fish with electricity) that the reactions of fish to 
electrical exposure are often size- and species-dependent (Taylor et al. 1957; Biwas 1971; Edwards and 
Higgins 1973; Seidel and Klima 1974; Bird and Cowx 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 bigger fish 
intercepting a greater potential difference (in a given electric field) than small fish (Halsband 1967). 
Maximum susceptibility to an electric field may occur at different pulse-frequencies, among fishes 
(Edwards and Higgins 1972; Bird and Cowx 1992). Differences in vulnerability among dissimilar species 
can be manifested as electrical stimulus leading to immobilization in one species, but flight in another 
(Seidel and Klima 1974; Holliman 1998). However, the differences in rate of passage demonstrated by 
the bighead carp and silver carp in the work by Pegg and Chick (2004) was likely driven by the large 
difference in size between the groups of fish (by species) used in the tests, as the bighead carp used in 
the experiment were  җ слл ƳƳ in length and the silver carps  ǿŜǊŜ Җ мрл ƳƳΦ Bighead carp and silver 
carp are are similar enough to hybridize (Kolar et al. 2005). Thus, differences in response to electrical 
stimulation are expected to be subtle but this hypothesis has not been tested. The breach of the electric 
field in the experiment by small silver carp in the experiment of Pegg and Chick (2004) demonstrated a  
the need for additional research on the effectiveness of the electric barriers on the Canal for small fish. 

The present study was the first step in a comprehensive evaluation of operating parameters for the 
electric barriers on the Chicago Sanitary and Ship Canal for deterrence of small invasive carps. Specific 
objectives for this work were to search for and review relevant scientific literature to aid development 
of experimental approaches and protocols and to conduct a pilot experiment on small invasive carp. The 
research focused on the electric field and operational capabilities of Barrier IIA, the larger and more 
powerful of the two electric barriers presently operating on the Canal.  

Methods 

A pilot study exploring the effectiveness of various electrical parameter combinations for preventing 
dispersal of small invasive carps through the electric barriers in the Chicago Sanitary Ship Canal was 
conducted at the U.S. Army Corp of Engineers (ACOE), Aquatic Ecosystem Research Development 
Center, Environmental Laboratory, Engineer Research Development Center (EL-ERDC), Vicksburg, 
Mississippi, 20-24 April 2009. Wild silver carp, captured with nets, were used in the experiment. Fish 
were captured by the EL-ERDC Fish Ecology Team and transported to the host facilities via hatchery 
vehicle immediately prior to the outset of the experiment. Fish were held in closed, water-recirculating 
culture systems, developed by EL-ERDC personnel for work with invasive carp (Figure 1 - 1), prior to use 
in the experiment. The EL-ERDC supplied fish, facilities, equipment and other critical logistic support for 
the study. 
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Figure 1 ς 1. Closed water-recirculating systems. Captured juvenile silver carp were held in closed water-
recirculating systems at the U.S. Army Corp of Engineers, Aquatic Ecosystem Research Development 
Center, Environmental Laboratory, Engineer Research Development Center (EL-ERDC), Vicksburg, 
Mississippi during the pilot study on operating parameters for electric barriers on the Chicago Sanitary 
Ship Canal. The experiment was conducted 20-24 April 2009.  

 
 

Estimations of the in-water field strength [volts (V)/centimeter (cm)], pulse-duration [milliseconds (ms)], 
and pulse-frequency (Hz) output capabilities of the Barrier IIA were needed to insure that operational 
protocols evaluated in the experiment could be generated on the Canal by the system. A software 
application was developed in the Microsoft EXCEL (2007) spreadsheet program to estimate the 
maximum pulse-duration the electric barrier power system could sustain while generating in-water field 
strengths from 0.2 to 1.5 volts/cm (in increments of 0.04 V/cm) and pulse frequencies from 0.1 to 40 Hz 
(in increments of 0.1 Hz). Constraints in the models included a maximum acceptable ǾƻƭǘŀƎŜ άŘǊƻƻǇέ ƻƴ 
the pulses, a maximum peak electrical output of 1.5 megawatts, maintenance of appropriate levels of 
electrical current and charging-times for capacitor banks in the system, and a water conductivity of 2000 
µS/cm. The simulation outcomes were used as a guide in selection of operational protocols for 
evaluation in the experiment. 

Fish were exposed to electrical treatments in an 213 cm x 61 cm x 56 cm fiberglass tank outfitted with 
identical plate electrodes. The electrodes were positioned parallel, separated by 150 cm, extended 
above the water surface and covered the entire cross-sectional area of the tank (Figure 1 ς 2). Thus, 
generating a homogeneous electric field (Holliman and Reynolds 2002).  
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Figure 1 ς 2. Exposure tank. In the pilot study evaluating electrical parameters for use on the Chicago 
Sanitary and Ship Canal, juvenile silver carp were exposed to electrical treatments in a 530 liter (l) 
dielectric tank. The tank electrodes were positioned parallel to one another in the tank, covered the 
entire cross-section of the tank, and extended above the surface of the water, creating a homogeneous 
electric field. The tank electrodes were flat, perforated stainless steel plates (insert). The experiment 
was conducted at the ERDC-EL, Vicksburg, Mississippi 20-24 April 2009. 

 

Cloth netting stretched tautly over a rectangular plastic frame fitted to the internal dimensions of the 
tank prevented fish from incurring physical injury through contact with the walls of the tank and 
electrodes during the electrical exposures. Sheets of clear plastic affixed to the top of the internal frame 
prevented fish from leaping from the tank while allowing visual observation of fish behavioral responses 
during treatments (Figure 1 ς 3). 

A computer controlled, customized, Model BP-1.5 Programmable Output Waveform (POW) Fish Barrier 

Pulsator (Smith-Root, Inc., Vancouver, Washington) served as the power supply for the exposure tank 

(Figure 1 ς 4). The  duration and frequency of the DC pulses applied to the tank electrodes, and the 

duration of the exposures (3 seconds), was programmed into the BP-1.5 POW with Fish Barrier 

Technology Control Software (Smith-Root, Inc., Vancouver, Washington). A calibrated, digital 

oscilloscope was used to confirm the voltage applied to the electrodes and other electrical parameters 

that defined the electrical treatments (Figure 1 ς 4). 
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Figure 1 ς 3. Netting and cover for the exposure tank. A frame constructed from PVC pipe was covered 
with a double layer of cloth netting and inserted into the exposure tank to prevent silver carp from 
making contact with the sides of the tank and electrodes. A clear plexiglass cover prevented silver carp 
from leaping from the exposure tank during the electrical treatments while allowing visual observation 
of fish responses. The pilot study was conducted at the ERDC-EL, Vicksburg, Mississippi 20-24 April 2009. 

 

 

 

Figure 1 ς 4. Power supply for the exposure tank. A. A customized Fish Barrier Pulsator (BP-1.5 POW; 
Smith-Root, Inc.) was used as the power supply for the exposure tank. The BP-1.5 POW was customized 
with a discrete eight-step transformer and an analog variable transformer to allow gross and fine 
adjustment of the electrical output. B. A digital oscilloscope was used to measure the electrical output 
of the system. The DC pulse-length and frequency and the exposure period were programmed into the 
BP-1.5 POW using custom Fish Barrier Technology Control Software. 

A 

B 
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Electrical treatments were administered to fish individually (one at a time). The treatments were applied 
as a series of 3 second exposures to pulsed DC, which was characterized by combinations of frequency 
and pulse-duration. 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 interrupted by 2 ς 3 s of no 
electrical exposure (necessary for equipment adjustments). The  cumulative electrical exposure period 
was 24 seconds. The maximum field strengths applied in some of the electrical treatments exceeded the 
present capabilities of Barrier IIA to provide valuable data had the field strengths necessary to block the 
passage of small silver carp been beyond present system capabilities. 

Fish response were monitored during and after each electrical exposure. Electrical treatments were 
terminated if the fish being tested became incapacitated (indicated by loss of equilibrium and cessation 
of swimming movements). The time between the electrical exposures, in the treatments, was kept to 
the minimum and was typically less than 2-3 seconds. Ambient water conductivity in the test tank was 

687 to 765 mS/cm during the tests. Water temperature was 21.1 ς 23.3 (21.4 ± 0.7) °C. Fish response 
was reported as cumulative percentage (%) of fish within each experimental group incapacitated 
(stunned) at each of the levels of field strength applied in the treatment. 

Results 

Electrical treatment selection was based on simulations of Barrier IIA output capabilities (Figure 1 - 5). 
Inverse relations were demonstrated between the maximums of pulse-duration, pulse-frequency, and 
the field strength that can be sustained by the Barrier IIA power system. Field strengths greater than  1.5 
V/(cm) exceed the theoretical capabilities of various electrical components in Barrier IIA; 1.5 V/cm 
ultimate field strength is regarded as the upper limit for Barrier IIA. 

Barrier IIA was operating at a field strength of 0.4 V/cm, pulse-frequency of 5 Hz, and pulse-duration of 4 
ms at the time of the experiment. The pulse frequency applied in the electrical treatments equaled (5 
Hz), or exceeded (10 Hz, 15 Hz), that being output by Barrier IIA on the Canal (at the time of the 
experiment). The range of field strengths applied in each treatment were dependent upon the pulse-
length and frequency combination. In some cases, the maximum field strengths in some treatments 
exceeded the output capabilities of the system to provide needed information, had field strengths 
within the present barrier capabilities proven inadequate for stunning fish (Table 1 ς 1).  

The response of silver carp to electrical exposure was evaluated in 80 fish (eight fish per treatment). 
Considerably more fish had been captured and were available for use. However, fish response to the 
electrical exposures changed significantly after the second day of the experiment (second day of 
captivity). The change was likely a result of cumulative stress from capture, transport, and new 
environment. Thus, data collection ceased to prevent bias of previously collected information. Fish used 
in the experiment were 137 to 280 (average ± SD; 195 ± 35) mm total length and weighed from 20.3 to 
469 (73 ± 63) grams (Figure 1 ς 6).   

Cumulative percentage of fish stunned during the electrical exposures varied markedly among the 
treatments (Figure 1 ς 7). Electrical treatments employing DC pulses of 4.8 milliseconds, 8.9 
milliseconds, and 13.8 milliseconds at 5 Hz and field strengths of 0.4 ς 1.9 V/cm, 0.3-1.4 V/cm, 0.2-0.9 
V/in (respectively) stunned 38%, 63%, and 25% of fish exposed. Of the four electrical treatments  
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Figure 1 ς 5. Barrier output capabilities. A contour plot of the estimated maximum pulse-duration (ms) and 
field strength (volts/cm) that can be sustained by Electric Barrier IIA as a function of the pulse frequency 
(Hz). The simulations of output capabilities guided selection of electrical treatments applied in the pilot 
experiment on juvenile silver carp conducted at the ERDC-EL, Vicksburg, Mississippi 20-24 April 2009. 

 

 

Figure 1 ς 6. Length-frequency histogram. Histogram of silver carp total length (mm) for silver carp  in the 
pilot study evaluating operational protocols for electric barriers operating on the Chicago Sanitary and Ship 
Canal. The tests were conducted at the Environmental Laboratory, Engineer Research Development 
Center, Vicksburg, Mississippi April 20 ς 24, 2009. 
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Table 1 ς 1. Electrical treatments in the pilot study. The electrical treatments [combinations of DC pulse-
duration (ms), pulse-frequency (Hz), and in-water field strength (volts/cm)] evaluated in the pilot study 
on juvenile silver carp. Individual fish were exposed to incrementally increasing pulsed DC electric fields 
at eight levels of field strength. The exposure to each field strength lasted 3 seconds, for a cumulative 
exposure of 24 seconds. The tests were conducted at the Environmental Laboratory, Engineer Research 
Development Center, Vicksburg, Mississippi April 20 ς 24, 2009.  

Electrical treatments  
[Pulse frequency, pulse width, in-water field strength (V/cm)]  

5 Hz  10 Hz  15 Hz 

4.8 ms 8.9 ms 13.8 ms  2.4 ms 4.3 ms 9.8 ms 24 ms  1.6 ms 2.9 ms 6.5 ms 

Voltage gradient (volts/cm) 

0.39 0.28 0.16  0.39 0.28 0.16 0.12  0.39 0.28 0.16 

0.59 0.43 0.28  0.59 0.43 0.28 0.16  0.59 0.43 0.28 

0.79 0.55 0.35  0.79 0.55 0.35 0.24  0.79 0.55 0.35 

0.98 0.71 0.43  0.98 0.71 0.43 0.28  0.98 0.71 0.43 

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 0.98 0.63 

1.57 1.14 0.71  1.57 1.14 0.71 0.43  1.57 1.14 0.71 

1.93 1.42 0.87  1.93 1.41 0.87 0.51  1.93 1.42 0.87 

 

utilizing 10-Hz pulses of DC (2.4 milliseconds, 0.4 ς 1.9 V/cm; 4.3 milliseconds, 0.3 ς 1.4 V/cm; 9.8 
milliseconds, 0.2 ς 0.9 V/cm; and, 24 milliseconds, 0.2 ς 0.5 V/cm), only the 2.4 millisecond pulses at 10 
Hz treatment stunned all fish in the treatment. The field strength required for 100% effectiveness with 
2.4 ms pulse-lengths and 10 Hz exceeded the theoretical upper limit for field strength for the electric 
barrier (Figures 1 ς 5 and 1 ς 7). All of the fish (100%) in each of the treatments utilizing DC pulses of 15 
Hz (1.6 milliseconds, 0.4 ς 1.9 V/cm; 2.9 milliseconds, 0.3-1.4 V/cm; 6.5 milliseconds, 0.2 ς 0.9 V/cm) 
were stunned at field strengths within the output capabilities Barrier IIA (Figures 1 ς 5 and 1 ς 7).  

All fish exposed to 24 ms pulse-lengths 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 applied). This may indicate 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 other pulse-length 
and frequency combinations, including the most effective treatments. 
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Figure 1 ς 7. Cumulative percent of silver carp incapacitated. The cumulative percent (%) of silver carp 
incapacitated during electrical exposures, as a function of field strength (V/cm), during the pilot 
experiment conducted at the ERDC-EL 20-24 April 2009. 
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Discussion 

Published studies directly testing effectiveness of electrical parameters for blocking fish passage are 
sparse. Considerable effort and resources have been expended in scientific investigations to delineate 
relations between electrical exposures and behaviors induced in fish in the context of electrofishing, 
however. This electrofishing-oriented work indicates that the effectiveness of electric fields at producing 
targeted behaviors in fish is dependent upon biological (e.g., fish species and size), technical (e.g., 
characteristics of the electric field), and environmental factors (e.g., water conductivity; Zalewski and 
Cowx 1990). These principles may prove applicable to the use of electric barriers to block passage of 
invasive fishes through the CSSC. In addition, the duration of the exposure (s) may also influence types 
and depths of behaviors induced in fish during an exposure (Sternin et al. 1976). 

Knowledge of the breadth of output capabilities of Electric Barrier IIA was needed to insure that the 
electrical conditions simulated in the experiment were applicable to operations on the CSSC. Human 
safety and concerns for equipment prevent field study to establish the upper limits for barrier electrical 
output. Hence, output capabilities of Barrier IIA were estimated using mathematical simulations based 
on specifications and limits of various electronic components in the Barrier IIA Pulsator system. The 
electrical treatments applied  in the experiment typically employed combinations of pulse-duration, 
frequency and field strength estimated to be within the output capabilities of Barriers IIA. In some cases, 
the field strength applied exceeded the estimated capabilities of the systems to provide valuable 
information should the electrical parameter combinations falling within the estimated capabilities prove 
ineffective at incapacitating juvenile silver carp.  

In the present study, captured wild silver carp were exposed to homogeneous fields of pulsed 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 to controlled, precise electrical treatments, where electric treatments 
were combinations of DC pulse-duration and pulse-frequency applied at eight levels of increasing field 
strength, with the 3 s exposures interrupted by 2 -3 s of no electrical exposure. Application 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 exposures (which was state of the art). In the treatments, 
the increasing field strengths applied can be related to the extent of penetration into the electrified 
zone by a fish at the surface of the CSSC and the various pulse-durations and frequencies represent the 
electric barriers operating under differing protocols.  Field strength increased with each of the electrical 
exposures, in the treatments, and the exposures were terminated after exposure to a maximum field 
strength. Thus, the exposures represent penetration only into aspects of the electric field on the Canal 
that are increasing in relative field strength. Because electrical exposure was not continuous in the 
treatments, the responses of fish at each exposure ŀǊŜ ōŜǎǘ ƛƴǘŜǊǇǊŜǘŜŘ ŀǎ άǎƴŀǇ-ǎƘƻǘǎέ ƻŦ ōŜƘŀǾƛƻǊ 
which can related to exposure at various points of intensity within the electric field of Barrier IIA, with 
the last exposure occurring at the maximum field strength occurring in the electric field of Barrier IIA.   

The maximum cumulative period of electrical exposure was 24 seconds in the treatments, a period of 
exposure associated with fish traversing a distance of 44 m (the width of the electric field of Barrier IIA) 
at a rate of 183 cm/s. A swim speed of 183 cm/s is in accordance with an estimated maximum economic 
swim speed for silver carp < 200 cm/s (fish size not provided) reported by Konagaya and Cai (1987). The 
maximum field strength in the electric field of Barrier IIA occurs approximately 33 m into the field 
(electric field simulations are presented in Figure 2 ς 1). Calibration of the 24 s exposure 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, ACOE, Environmental Laboratory, Engineer Research 
Development Center, Vicksburg, Mississippi).     

Stewart (1990a) reported that fish penetrating an electric field may be unable to discern directions of 
increasing intensity and continue into the field when receiving electrical stimulation. Hence, the 
ultimate field strength in barriers (like those operating on the CSSC) should be capable of stopping 
progress of the smallest fish. According to Stewart (1990b), the appearance of the electric barrier may 
be critical. For example, a physical marker could be useful when applying electric fields to block fish 
movement, as fish encountering novel stimuli may approach the stimuli slowly providing an opportunity 
to encounter the field slowly and to learn to avoid the electric field.  

Inclusion of some novel stimuli in the electrified zones of the barriers on the CSSC, as aids to fish 
learning to avoid electric stimulation, and in some cases doubling as deterrents, may be worthy of 
investigation. Because raceway and field study indicates the 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 should target small fish. Stewart (1990b) found that a 
submersed rope provided the opportunity for fish to learn to avoid an adjacent electric field. Physical 
markers are not practical for use on the Chicago Canal, however, being an obstruction to commercial 
traffic. Other stimuli for consideration include light, 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 penetration within the 
electrified zone, influencing positioning of alternate stimuli. In 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 to the 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 into hybrid 
barriers to prevent unexpected outcomes.  

In the present study, fish exposed to the 6.5 ms-15 Hz treatment exhibited fright-escape responses at 
0.16 V/cm. Simulations of the electric field of Barrier IIA demonstrate this level of field strength occurs 
at the Cŀƴŀƭ ǎǳǊŦŀŎŜ ŀǇǇǊƻȄƛƳŀǘŜƭȅ нл ŦŜŜǘ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ Ƴƻǎǘ ŘƻǿƴǎǘǊŜŀƳ άƭƻǿ-ŦƛŜƭŘέ ŜƭŜŎǘǊƻŘŜ 
array with 600 V applied (as operated Spring 2009). Results from the present study indicate silver carp of 
185 mm total length and above penetrating the electrified zone to this point would experience electrical 
stimulation of a magnitude capable inducing avoidance/escape (flight) behaviors. Further, based on the 
simulation, if Barrier IIA was generating DC pulses of 6.5 ms  duration at 15 Hz, the field strength in the 
άƘƛƎƘ-fieldέ ǿƻǳƭŘ ōŜ ƛƴŀŘŜǉǳŀǘŜ ǘƻ ǎǘǳƴ 185 mm  silver carp were they to continue upstream, unless 
the applied voltage were increased from 800 volts to about 1900 volts. (Electric field simulations are 
presented in Figure 2 ς 1). 

The results of the present study indicate that juvenile silver carp within the size range tested [137 to 280 
(average ± SD; 195 ± 35) mm total length] could successfully traverse the width of the electrified zone of 
Barrier IIA, as operated Spring 2009 (an operational protocol of 4 millisecond pulses delivered at 5 Hz 
and 0.39 V/cm ultimate field strength). In the present study, frequencies of 15 Hz were necessary to 
stun juvenile silver carp within the range of pulse-duration and field strength tested. There is some 
latitude, however, in the the selection of operational protocols, as several combinations of electrical 
parameters were shown capable of blocking the passage of juvenile silver carp through the electric 
barriers. In the treatments applying pulses of DC at 15 Hz, the field strength required to incapacitate all 
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fish in the treatments was influenced by the  duration of the pulses; an inverse relation was 
demonstrated between the effective field strength and pulse duration, where greater field strength was 
required to incapacitate fish when using  pulses  of shorter duration (0.71 V/cm, 6.5 ms vs. 0.98 V/cm, 
2.9 ms vs. 1.18 V/cm, 1.6 ms) at 15 Hz.  
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2 ς Effects of Electrical Characteristics on Passage Preventing Behaviors 

Bighead carp Hypophthalmichthys nobilis and silver carp H. molitrix 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; 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 the Illinois River, downstream from the CSSC 
(Stainbrook et al. 2005). The presence of invasive Asian carp in the CSSC was confirmed 3 December 
2009 ǿƘŜƴ ŀ нм тκуέ ōƛƎƘŜŀŘ ŎŀǊǇ ǿŀǎ collected during a rotenone event (Illinois Department of Natural 
Resources 2009). 

The US Army Corps of Engineers Chicago District  operates a series of localized waterborne electric fields 
in the Chicago Sanitary and Ship Canal (CSSC) to act as barriers to dispersal 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 those constructed on the CSSC, 
employ cross-channel bottom-mounted electrode systems. This electrode orientation ensures that fish 
swimming upstream will be exposed to maximum field strengths. Electromagnetic forces of attraction 
and repulsion, the local environment, and electrode orientation, size, and spacing determine the 
distribution of electric current (the electric field) within the water column. In 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 potential difference [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 and their operations often render available information 
inapplicable to other facilities (Johnson et al. 1990). There are few accounts of comparative tests of 
electrical parameters for electric barriers and fish guidance systems. The effects of electricity on fish, in 
the context of capture of wild fish, has been 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 fish populations (Reynolds 1996). It is well established, in the context of 
electrofishing, that the reactions of fish to electrical exposure is species- and size-dependent (Taylor et 
al. 1957; Biwas 1971; Edwards and Higgins 1973; Seidel and Klima 1974; Bird and Cowx 1992; Holliman 
1998). Maximum susceptibility to electrical exposure often occurs at different frequencies of pulsed DC, 
among species (Edwards and Higgins 1972; Bird and Cowx 1992; Holliman 1998). These differences in 
vulnerability among species can be manifested as electrical stimulus leading to immobilization in one 
species, but flight in another (Seidel and Klima 1974; Holliman 1998). Fish of different sizes (of the same 
species) also appear to exhibit their greatest susceptibility at different pulse 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 attributed to bigger fish intercepting a greater potential difference than small fish. 
According to Lamarque (1967) and Halsband (1967), fish reactions are dependent upon voltage drop per 
unit length of fish. Preliminary experimentation with juvenile silver carp  has demonstrated that 
induction of passage-preventing behaviors in juvenile silver carp varies among combinations of field 
strength, pulse-frequency, and pulse-duration (Holliman, this report). 
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Hartley and Simpson (1967) and Stewart (1990a) provide general guidance for successful barrier design 
and operation. Hartley and Simpson (1967) suggest that for electric barriers to be successful, graduated 
electric fields are necessary. With a graduated field, fish challenging the barrier are exposed to 
unpleasant stimuli that increases in intensity and can learn to avoid it. The 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 electrified 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 Simpson 1967). 

Stewart (1990a) and Zhong (1990) suggest that 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 consideration. 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 a physical 
marker may be necessary for electric fields to block fish movement effectively. In his evaluation of 
electric barriers for marine fish, Stewart (1990b) found that fish swimming into unmarked electric fields 
swam vigorously upon electrical stimulation, either back or through the field. The field was ineffective 
because fish were unable to identify and avoid the electrified zone. Further, when the field distribution 
was non-uniform, fish may not have been able to discern the direction of increasing intensity, swimming 
into rather than out of the electrified zone. When 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 IIA electric field (Figure 2 -1) indicate that it meets the criterion for a 
successful barrier outlined by Hartley and Simpson (1967), having a graduated electric field. The field 
changes gradually, without abrupt changes in field strength over short distances, the exception being in 
proximity to the electrodes.  

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

There is little published information on the effects of electrical exposure on silver carp or bighead carp. 
Liu (1990) demonstrated that when using 3-phase 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 µS/cm. Miranda and Dolan (2003) report the relationship between threshold 
field strength and water conductivity reported by Liu (1990) to be in accord with power transfer theory. 
Lui et al. (1990) found that using a seine net outfitted with irregular pulsed DC (irregular half-wave 
rectified alternating current) improved catch of silver carp and bighead carp over a traditional seine. The 
work of Pegg and Chick (2004) on silver and bighead carp indicated size-dependent effectiveness of 
electrical fields for preventing passage through an electric field. The recently completed pilot study on 
effective operational protocols for electric barriers on the CSSC demonstrated several operational 
protocols effective for immobilizing juvenile silver carp, but 0.79 V/cm, pulse-frequency of 15 Hz and 
pulse-duration of 6. 5 ms was most effective of those tested (Holliman, this report). 
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Figure 2 ς 1. A. Simulation of the electric field of Barrier IIA. Representation of the electric field of Barrier 
IIA (in profile) generated via Finite Element Analysis. Barrier IIA employs two independent electrode 
ŀǊǊŀȅǎ ŦƻǊ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ŀ άƭƻǿ-ŦƛŜƭŘέ όƭŜŦǘΣ ŘƻǿƴǎǘǊŜŀƳύ ŀƴŘ ŀ άƘƛƎƘ-ŦƛŜƭŘέ όǊƛƎƘǘΣ ǳǇǎǘǊŜŀƳύΦ Lƴ ǘƘŜ 
simulation 600 V was applied to the low-field array and 800 V to the high-field array, similar to operation 
of Barrier IIA spring 2009. B. Various equipotential lines (volts/cm) in the electric field of Barrier IIA 
extracted from the simulation. 
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To my knowledge, 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 determine the characteristics of waterborne pulsed DC 
fields effective for inducing immobilization in 79 to 118 mm bighead carp. The basic experimental 
protocols employed in the pilot study were sufficient. The simulations of the electric fields (electrical 
exposures) in the pilot experiment ǿŜǊŜ άǎǘŀǘŜ ƻŦ ǘƘŜ ŀǊǘέ, but relatively crude allowing only increases in 
field strength, in relatively large steps, with variable time between exposures. Refinement of the 
simulation of the fields of electric barriers was needed to improve translation of observations and 
inference of results. Hence, a more sophisticated electric field simulation system was developed in the 
interval between pilot study and the present study. The new simulation system provided a continuous 
pulsed DC signal that could be varied in intensity and was programmable to ensure repeatability. The 
simulations in the present study represents significant progress ƛƴ ǘƘŜ άǎǘŀǘŜ ƻŦ ǘƘŜ ŀǊǘέ, improved the 
quality of data collected, and allowed for better inference of experimental results.  
Based on the outcomes of the pilot study, the tenets associated with the use of waterborne electric 
fields for capture of fish (e.g., Zalewski and Cowx 1990), and prior work on electric barriers, a conceptual  
 
Risk Model for Barrier Effectiveness,  
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is proposed. The conceptual model was developed to aid experiment design, development of 
simulations, and hypothesis for testing in the present study.As 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 in-water electrical conditions associated with the Barriers on the CSSC were simulated in tanks 
and sources of variation commonly associated with electrically oriented field studies controlled. Because 
of the large number of electrical parameter combinations available for use on the CSSC, screening trials 
were necessary to identify a range of promising electrical parameters for evaluation.  
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 in pond-culture of bighead carp 
were available, pond culture of bighead carp was arranged by the ACOE, Environmental Laboratory, 
ERDC (EL-ERDC) Ecology Team to insure the availability of fish for experimentation. Pond-cultured 
bighead carp were employed as experimental animals throughout the study. The study was a 
continuation of cooperative efforts between the ACOE, Chicago District, the EL-ERDC), Vicksburg, 
Mississippi, and Smith-Root, Inc. (SRI), Vancouver, Washington.  

 
Methods 
A series of experiments to evaluate operational protocols for the electric barriers on the Chicago 
Sanitary and Ship Canal were conducted from 3 September to 30 December 2009. The electric barriers 
on the Canal are capable of generating an enormous number of combinations of field strength,  
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Figure 2 ς 2. Barrier output capabilities. A contour plot demonstrating the estimated maximum pulse-
length (ms) and ultimate field strength (volts/cm) that can be sustained in the high-field by Electric 
Barrier IIA, as a function of the pulse frequency (Hz). The estimations of the output capabilities guided 
selection of electrical parameter combinations applied in the experiments on young-of-year bighead 
carp conducted at the ERDC-EL, Vicksburg, Mississippi September ς December 2009. 

 

pulse-frequency, and pulse-duration (Figure 2 ς 2). The ultimate field strength (V/cm), pulse-frequency 
(Hz), and pulse-duration (ms) tested in combination were selected from the simulation of barrier output 
capabilities using a hierarchy of pulse-frequency (Hz), ultimate field strength (V/cm), and pulse-duration 
(ms). The pulse-duration tested with pulse-frequency and ultimate field strength was the estimated 
maximum for the combination (Figure 2 ς 2). The field strength, pulse-frequency, and pulse-duration 
tested in combination are referred to as an operational protocol for brevity. 
 A screening trial, which consisted of five experiments, was conducted to establish operation and 
performance of the new electric field simulation system and ranges for the electrical parameters that 
could prove effective for immobilizing young-of-year bighead carp. Operational protocols applying 10, 
15, 20, 25, and 30 Hz were evaluated in each of the experiments in the screening trial. Ultimate field 
strength was 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/cm) were evaluated in the 
screening trialnt. Percent (%) duty cycle, calculated as % Ὠόὸώ ὧώὧὰὩ
ρππϷ ὴόὰίὩ ὨόὶὥὸὭέὲὝȟϳ  where T (the period of the pulse) was calculated with 
Ὕ ρὴόὰίὩ ὪὶὩήόὩὲὧώϳ , was constant within each experiment, but pulse-duration (ms) varied with 
the combination of pulse-frequency and ultimate field strength.  There was an inverse relation in the 
pairings of ultimate field strength with % duty cycle, in the experiments (0.79 V/cm ς 8% duty cycle; 0.91  
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Figure 2 ς 3. Exposure tank for the experiments in the screening trial. The simulations of encroachment 
in the experiments used to screen operational protocols were conducted in a 168 cm x 42 cm 
rectangular fiberglass tank. Plate electrodes were used to to create a homogeneous electric field in the 
tank. Each simulation was video recorded. The screening experiments were part of a more 
comprehensive study of operational protocols for the Electric Barriers on the CSSC  conducted at the 
ACOE, ELςERDC, Vicksburg, MS, 3 September to 30 December 2009. 

 

V/cm ς 6.0% duty cycle; 1.02 V/cm ς 5% duty cycle; 1.14 V/cm ς 4% duty cycle; 1.5 V/cm ς 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 fiberglass tank 
filled with water to a depth of 40 cm (Figure 2 ς 3). The tank was outfitted with two perforated stainless 
steel plate electrodes that were positioned parallel, covered the cross-sectional area of the tank, and 
extended above the water surface. Electrode spacing 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 of water in the tank was between 980 and 1050 (1016 ± 22) µS/cm at temperatures from 
19.9 to 22.1 (20.4 ± 0.5) °C. There was no water current flow in the tank during the screening 
experiments. 

Outcomes and observations in the screening experiments were used to identify a range of electrical 
parameters for  operational protocols for further evaluation. Simulations with the set of promising 
operational protocols were conducted in the rectangular section of a Brett Swim Tunnel. The swim 
tunnel allowed fine control of water flow velocity and was constructed of clear lexan®, which improved 
video recording compared that available with the opaque fiberglass tank used in the screening 
experiment. The rectangular section of the swim tunnel was outfitted with two perforated stainless 
steel plate electrodes (positioned parallel) that extended above the water surface and were separated 
by 152.4 cm (Figure 2 ς 4). The rectangular section of the swim tunnel was 57.5 cm wide and was filled 
with water to a depth of 52.1 cm. The ambient conductivity of water in the swim tunnel was between 
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1913 and 2040 (1996 ± 36) µS/cm. Water temperature was between 19.0 and 20.8° C. 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 rheotaxis. Intuitively, 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 0 cm/s. However, fish were not motivated to consistently swim into the flow 
and body-voltage 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 be nil or minimal. 

Based on observations and outcomes in the screening trial, eighteen promising operational protocols 
were selected for evaluation in a 3 x 3 x 2 factorial design [ultimate field strength, 0.79 V/cm, 0.91 V/cm, 
1.02 V/cm; pulse-frequency, 20 Hz, 25 Hz, 30 Hz; pulse-duration, 2.0 ms, 2.5 ms (% duty cycles = 4%, 5%, 
6%, 8% ). A null treatment, where fish were subjected to the experimental protocols with the exception 
of electrical exposure, was included in the experiment. At the conclusion of data collection in the 
factorial experiment, an additional four simulations were conducted, with an ultimate field strength of 
0.79 V/cm and pulse-frequency of 15 Hz and pulse-duration of 6.5 ms, the operational protocol shown 
effective for immobilizing silver carp in the pilot study,  to serve as a precursor for potential 
experimentation on effects of water velocity. The 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 outcomes of these simulations were pooled and employed post hoc as a baseline for statistical 
comparisons of risk. Thus, there were a total of 20 experimental groups, 18 in the factorial experiment, 
one control group and one group designated as the baseline for statistical reference. 

All simulations were conducted with naïve 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 of five. 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 was 
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 operational 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 holding tank, 
segregated by treatment and monitored for a minimum of 12 hours. Injury was evaluated via inspection 
of exposed flesh and vertebral column (for hemorrhage) after bilateral filleting of fish. Measures of total 
length (mm) and weight (g) were collected on all fish. All fish were subjected to an overdose solution of 
MS-222 immediately after completion of the experimental treatment or period of monitoring. 
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Figure 2 ς 4. Brett swim tunnel. Simulations of encroachment into the electric field of Barrier IIA were by 
young-of-year bighead carp were conducted in a Brett Swim Tunnel. The effectiveness of promising 
operational protocols for electric barriers on the CSSC was evaluated. The screening experiment and the 
experiment focused on promising operational protocols were conducted at the ACOE, ELςERDC, 
Vicksburg, Mississippi, 3 September to 30 December 2009. 

 

The electric fields applied in the simulations were based on in-water voltage measurements taken from 
the surface of the Chicago Sanitary and Ship Canal at Barrier IIA by the ACOE, Engineer Research and 
Development Center, Construction Engineering Research Laboratory, Champaign, Illinois. In the 
simulations, the strength of the electric field varied with time, to mimic the electrical exposure fish 
traversing Electric Barrier IIA would experience when swimming at the surface of the Canal (Figure 2 ς 
5ύΦ ¢ƘŜ ǘǿƻ ŘƛǎǘƛƴŎǘ ƭƻōŜǎ ŎƘŀǊŀŎǘŜǊƛȊƛƴƎ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ƻŦ .ŀǊǊƛŜǊ LL!Σ ǘƘŜ άƭƻǿ ŦƛŜƭŘέ όŘƻǿƴǎǘǊŜŀƳύ ŀƴŘ 
ǘƘŜ άƘƛƎƘ ŦƛŜƭŘέ ǳǇǎǘǊŜŀƳ ǿŜǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ƛƴ ǘƘŜ ŜȄǇƻǎǳǊŜǎΦ ¢ƘŜ ƳŀȄƛƳǳƳ ŦƛŜƭŘ ǎǘǊŜƴƎǘƘ ƻŦ ǘƘŜ ƘƛƎƘ 
field ,which is ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ άǳƭǘƛƳŀǘŜ ŦƛŜƭŘ ǎǘǊŜƴƎǘƘέ, varied, depending on treatment and trial. The 
range of field strengths associated with the low-field was consistent across all the simulations, with a 
maximum of ~ 0.2 V/cm.  

The duration of the simulations, which determined rates of change in field strength, was calibrated to 
the estimated time required for 51 ς 76 mm bighead carp to traverse the ~ 44 meter electric barrier 
under the conditions of no water current flow. 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 5  fish.  Bighead 
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 periods (personal communication, Dr. Jack Killgore, Dr. Jan Hoover, Army Corp 
of Engineers, Environmental Laboratory ς Engineer Research Development Center, Vicksburg, 
Mississippi).The exposure period was calibrated to a swimming speed of 50 cm/s, simulations of 88 
seconds duration. An exposure thought to be the worst-case, as duration of electrical exposure was 
minimized.   

Electrical energy was supplied to the test tanks by a custom, programmable pulsed DC electric field 
simulation system. The simulation system allowed independent control of the duration of the 
exposures, field strength, pulse-frequency, and pulse-duration. The patterns of field strength applied in 
the simulations (FIgure 2 ς 5) were programmed into the system as sequences of 1024 individual points. 
The characteristics of the electrical parameters characterizing the operational protocols applied in the 
simulations were measured with a calibrated, digital oscilloscope. 

Fish behavior was monitored during each of the simulations. An external timer was used to estimate 
exposure time at the onset of of first response, flight, and immobilization, and righting. First response 
was categorized as the 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 by the onset of rapid (frantic) non-directed swimming. Flight often transitioned to 
swimming from side-to-side in the tank (body-voltage minimizing behaviors), forced swimming while 
righted and forced swimming with loss-of-equilibrium. Immobilization was characterized by the 
complete cessation of swimming motions and was typically  accompanied by loss-of-equilibrium. 
Righting was regarded as the resumption of upright orientation by fish previously losing equilibrium 
while immobilized. 

Estimates of threshold voltage gradient (E, V/cm), threshold power density (µW/cm3 ), and threshold 
cumulative exposure (µW/cm3 · s) for the targeted responses were based on the estimated time to 
threshold of response (rounded to the nearest second) and were extracted from the pattern of field 
strength applied in the simulations (Figure 2 ς 5). Threshold power density (Ὀὥ)was estimated with 
Ὀ  Ὁ ὧ , where Ὁ was the threshold voltage gradient and ὧ was the ambient conductivity of 
tank water (µS/cm; Kolz 1989). Threshold cumulative exposure for the targeted responses was 
estimated as the sum of (Ὀ ) from the start of the exposure to the onset of the response of interest. 

Data analysis.τThe distributions of fish size and measures associated with thresholds of targeted 
behaviors were examined with box-and-whisker plots. The box-and-whisker plots demonstrated the 25th 
and 75th quartiles (ends of the boxes), the interquartile range (IQR; the distance between the box ends), 
the median (line across the interior of the box), and the outer-most 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 mean were 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 intervals. Data 
were rank (average rank) transformed when data distributions were non-normal, skewed, or contained 
extreme values. Analysis of Variance (ANOVA) was used to test for differences in means among groups 
of interest. The Brown-Forsythe test was used to test statistical hypotheses of homogeneity of variance 
(Brown and CƻǊǎȅǘƘŜ мфтпΤ {!{ нллуύΦ ²ŜƭŎƘΩǎ !bh±! ǿŀǎ ŜƳǇƭƻȅŜŘ ǿƘŜƴ ǎǘŀǘƛǎǘƛŎŀƭ ŜǾƛŘŜƴŎŜ ǘƘŀǘ ǘƘŜ 
ǾŀǊƛŀƴŎŜ ŘƛŦŦŜǊŜŘ ŀƳƻƴƎ ǘƘŜ ƎǊƻǳǇǎ ƻŦ ƛƴǘŜǊŜǎǘ ǿŀǎ ǇǊŜǎŜƴǘΦ ¢ǳƪŜȅΩǎ IƻƴŜǎǘƭȅ {ƛƎƴƛŦƛŎŀƴǘ 5ƛŦŦŜǊŜƴŎŜ ǘŜǎǘ 
was used in post hoc pair-wise comparisons when ANOVA provided statistical evidence of unequal 
means among groups (SAS 2008).  
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Figure 2 ς 5. Electric fields applied in the simulations. The electric field strength varied with time in the 
simulations of encroachment by young-of-year bighead carp, in the screening trial and experiment 
focused on promising operational protocols for electric barriers on the Chicago Sanitary and Ship Canal. 
The exposures mimicked that of young-of-year bighead carp swimming through the electric field at a 
constant rate of 50 cm/s at the surface of the Chicago Sanitary Ship Canal. Field strength associated with 
the low-field (downstream, left) were constant. Field strength associated with the high-field (upstream, 
right) was varied. Patterns of exposure with two levels of ultimate field strength (peak of the high field) 
are shown. (A) The strength of the electric field in the simulations in relation to distance (meters) on the 
Canal. (B) The strength of the electric field in the simulations was varied with time (seconds).  

A 

B 
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Counts, 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 in the experiments. The 
hypothesis of equality of proportions in contingency table margins, among levels in the operational 
protocols, was evaluated using the Pearson Chi-Square Test.  

In the experiment on promising operational protocols, the relative risk (RR), the ratio of the proportions 
being compared, was used to estimate risk (probability) of fish failing to be immobilized by the various 
operational protocols compared to the operational protocol designated as the baseline. In the event of a 
zero cell in the tables, a constant (a value of 1) was added to each cell of the table to allow estimation of 
relative risk (Agresti 1990). An RR exceeding 1.0 indicated an increase in risk of fish failing to be 
immobilized (an undesired effect in this case). An RR less than 1.0 indicated a reduction in risk of failing 
to immobilize fish. If RR = 1.0 or if 1.0 is within the bounds of the confidence interval, there is no  
difference in risk of failing to immobilize fish between operational protocols being compared.  

Field strength (FS), pulse-frequency (PF), pulse-duration (referred to as pulse-length (PL) in the models 
to prevent any confusion with power density (PD)), and fish total length (L) were treated as candidate 
predictors of immobilization in young-of-year bighead carp. Logistic regression was employed to 
evaluate univariate models (FS; PF; PL; L) and multivariable models within a candidate set (FS, PF, PL; FS, 
PF, PL, L; FS, PF, PL, FS*PF; FS, PF, PL, FS*PL; FS, PF, PL, PF*PL; FS, PF, PL, L, FS*PF; FS, PF, PL, L, FS*PL; FS, 
PF, PL, L, FS*L; FS, PF, PL, L, PF*L; FS, PF, PL, L, PL*L; FS, PF, PL, L, L*L; FS, PF, PL, L, L*L*L). The factor in 
univariate models failing tests that the estimated parameter equaled zero were dropped from further 
consideration. Field strength, pulse-frequency, and pulse-duration were treated as ordinal categorical 
variables and fish length as 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.   

!ƪŀƛƪŜΩǎ ƛƴŦƻǊƳŀǘƛƻƴ ŎǊƛǘŜǊƛƻƴ ό!L/ύΣ ǿƘƛŎƘ ƛƴŎƭǳŘŜǎ ŀ ǇŜƴŀƭǘȅ ŦƻǊ ƴǳmber of model parameters, 
approximates information lost in the conversion from data to model. Smaller AIC values indicate smaller 
losses of information (Buckland et al. 1997; Burnham and Anderson 1998; Franklin et al. 2001). The 
differences in corrected Akaike information criterion (AICc) values between each model and the model 
with the smallest AICc valueЎҐ !L/Ƴƛƴ!L/ and normalized Aikaike weights 

‫  ὩὼὴЎ ςϳ В Ὡὼὴϳ Ў ςϳ  were calculated for each model in the candidate set of R 
models. The differences in AICc indicated the level of empirical support for the model, where there was 
ǎǳōǎǘŀƴǘƛŀƭ ǎǳǇǇƻǊǘ ŦƻǊ ǘƘŜ ƳƻŘŜƭ ŀǎ ōŜǎǘ ǿƘŜƴ л Җ ЎҖ нΣ ƭŜǎǎ ǿƘŜƴ п Җ ЎҖ тΣ ŀƴŘ ƭƛǘǘƭŜ ǎǳǇǇƻǊǘ ǿƘŜƴ 
Ўҗ млΦ Normalized Aikaike weights allowed comparison of model plausibility (Burnham and Anderson 
1998; Franklin et al. 2001). Model calibration was evaluated with Goodness-of-fit tests (GOF) based on 
the negative log-likelihood and with the Pearson Chi-square test (SAS 2008). Model discrimination was 
evaluated with the area under the receiver-operating characteristic curve (ROC; SAS 2008). The area 
under the ROC curve was a ƳŜŀǎǳǊŜ ƻŦ ǘƘŜ ƳƻŘŜƭΩǎ ƻǾŜǊŀƭƭ ǇǊŜŘictive capability (defined in this case as 
the ability to separate those fish likely to be immobilized from those likely not). An area under the ROC = 
0.5 suggested ƴƻ ŘƛǎŎǊƛƳƛƴŀǘƛƻƴ όǊŀƴŘƻƳύΣ ŀƴ ŀǊŜŀ ƻŦ лΦт Җ wh/ Җ лΦу ǿŀǎ regarded as acceptable 
discriminatioƴΣ ŀƴ ŀǊŜŀ ƻŦ лΦу Җ wh/ Җ лΦф ǿŀǎ considered excellent discrimination, and an area under 
ǘƘŜ wh/ җ лΦфл ǿŀs considered outstanding 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 variables were evaluated with 
Wald Chi-square tests, in the model determined to best represent the empirical data (SAS 2008). 
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{ǘŀǘƛǎǘƛŎŀƭ ǎƛƎƴƛŦƛŎŀƴŎŜ ƛƴ ŀƭƭ ǘŜǎǘǎ ǿŀǎ ŀǎǎŜǎǎŜŘ ǳǎƛƴƎ ʰ Ґ лΦлрΦ {ǘŀǘƛǎǘƛŎŀƭ ŀƴŀƭȅǎŜǎ ǿŜǊŜ ŀŎŎƻƳǇƭƛǎƘŜŘ 
using JMP, statistical software, Version 8 (SAS 2009). 

Results 

In the screening experiment, fish were 43 to 72 (mean ± S.D.; 56 ± 6) mm total length  and weighed from 
0.5 to 3.1 (1.4 ± 0.5) grams. Distinct first responses to the electric field were detected in 83% of the 
simulations, occurring from 5 to 49 (15 ± 8; 95% CI 14 ς 16) seconds into the exposure, at field strengths 
from 0.07 to 0.32 (0.15 ± 0.04; 95% CI 0.146 ς 0.154) V/cm. In the majority of cases, fish reacted to the 
ǇǊŜǎŜƴŎŜ ƻŦ ŀƴ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŀǘ ǎǘǊŜƴƎǘƘǎ ǘƘŀǘ ǿƻǳƭŘ ōŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŜƴŎǊƻŀŎƘƳŜƴǘ ǳǇƻƴ ǘƘŜ άƭƻǿ-
ŦƛŜƭŘέ ƻŦ .ŀǊǊƛŜǊ LL!Φ 

Flight responses were observed in 98% of the fish in the simulations, in the screening experiments. The 
onset of rapid non-directed swimming occurred from 37 to 60 (52 ± 3; 95% CI 51.5 ς 52) seconds into 
the exposure, at field strengths from 0.15 to 1.0 (0.44 ± 0.13; 95% CI 0.04 ς 0.47) V/cm. In simulations 
employing 20 Hz, 25 Hz, or 30 Hz pulsed DC, the rapid non-directed swimming characterizing the onset 
of flight often transitioned into forced-swimming with or without loss-of-equilibrium. The threshold for 
flight was relatively consistent across the simulations, occurring upon exposure to the rising side of the 
high-field, where there was relatively rapid change in field strength. 

Immobilization was induced in 63% of the fish in the screening trials. Proportions of fish immobilized, in 
the margins of the contingency table, differed significantly among the levels of ultimate field strength 

0.79 V/cm, 0.60; 0.91 V/cm, 0.56; 1.02 V/cm, 0.64; 1.14 V/cm, 0.57; 1.5 V/cm, 0.77; ̝ 2 = 12.448, P = 
0.0143) and among the pulse-frequencies (10 Hz, 0.11; 15 Hz, 0.39; 20 Hz, 0.76; 25 Hz, 0.94; 30 Hz, 0.94; 
˔2 = 38.557, P = 0.0001; Figure 2 ς 6).  

Univariate logistic regression indicated field strength (FS)/percent duty cycle and pulse-frequency (PF) 
were each significant single predictors of immobilization in the trials. Hypotheses that the estimated 

parameter was zero was rejected in the Likelihood-Ratio Chi-square test in each of the models (˔2 = 13 ς 
нррΤ 5C Ґ пΤ t Җ лΦлл01ς0.0112). The GOF tests supported the hypotheses that each of the models 

adequately fit the data (̝2 = 500; DF = 495; P =0.4288). Fish length (L) failed to improve model 

performance over the constant response probability (˔2 = 0.6010; DF = 1; P = 0.4382) and was dropped 
from further consideration. 

The Likelihood Ratio test provided strong evidence that the estimated coefficients in the FS, PF model 

were not  zero (̝2 = 280, DF = 8, P < 0.0001). The GOF test indicated the model adequately fit the data 

(˔2 = 457, DF = 491, P = 0.8622). Pulse-ŦǊŜǉǳŜƴŎȅ ό˔2 = 267, DF = 4, P < 0.0001) and field strength (˔2 = 24, 
DF = 4, P < 0.0001) were significant predictors of the probability of immobilization in the Effect 
Likelihood Ratio Tests. Pair-wise tests of pulse-frequency effects demonstrated significant differences 

between 10 Hz and the remaining pulse-frequencies (̝2 = 24 ς 87, DF = 1, P < 0.0001), between 15 Hz 

and the remaining protocols (̝2 = 31 ς 50, DF = 1, P < 0.0001), and between 20 Hz and 25 Hz and 30 Hz 

(˔2 = 11 ς 14, DF = 1, P = 0.0002 ς 0.0007), but the difference between 25 Hz and 30 Hz was not 

statistically significant (̝2 = < 0.0001, DF = 1, P = 1.0). Pair-wise hypothesis tests between the levels of 
field strength in the simulations demonstrated significant differences between 1.5 V/cm and each of 

other levels of field strength (̝2 = 7.6 - мфΣ 5C Ґ мΣ t Җ лΦлллм ς 0.006), but no statistically significant 

differences between the remaining levels of field strength (˔2 = 0.04 ς нΦсоΣ 5C Ґ мΣ t Җ лΦмлпу ς 0.8414)  
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 Figure 2 ς 6. Proportions of fish immobilized in the screening experiments. Simulations of encroachment into the electric field of Barrier IIA 
on the Chicago Sanitary and Ship Canal were employed to evaluate the effectiveness of various operational protocols. Outcomes from the 
screening experiment were used to select operational protocols for further study. The experiments were conducted at the ACOE, ELςERDC, 
Vicksburg, Mississippi 3 September to 30 December 2009.  
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in the pair-wise hypothesis tests. The area under the ROC curve (0.89) indicated the model to have very 
good discriminatory ability. 

Fish in the simulations with the set of promising operational protocols, gleaned from the screening trial, 
were between 46 and 72 (56 ± 5) mm total length and weighed from 0.7 to 3.2 (1.6 ± 0.5) grams. A total 
of four fish died during the post-exposure monitoring period. There was no evidence of injury in any of 
the fish evaluated; no injury was detected via bilateral filleting and visual inspection of the vertebral 
column and exposed musculature.  

There was statistical evidence that fish size differed among some of the experimental groups. Statistical 
evidence that mean fish length differed significantly among the experimental groups (F18/361 = 1.9282, P = 
0.0131) was presented in the ANOVA. Post hoc pair-wise comparisons showed mean fish length differed 
significantly between the 0.91 V/cm-25 Hz-2.5 ms (59 ± 5 mm) and 0.79 V/cm-20 Hz-2 ms (54 ± 6 mm; P 
< 0.05) experimental groups. ANOVA also presented evidence that mean weight differed among the 
experimental groups (F18/361 = 1.9416, P = 0.0123). Post hoc pair-wise comparisons indicated mean 
weight differed significantly between the simulations with the 0.79 V/cm-25 Hz-2.0 ms (1.35 ± 0.28 
grams) and the 1.02 V/cm-25 Hz-2.5 ms (1.88 ± 0.50 grams; P < 0.05) experimental groups.  

The distinctive twitches, jerks, starts, brushing motions associated with first response was observed  in 
83% of the simulations. Mean time to first response was 9 (± 6) seconds. Mean time to first response 
was least in simulations applying the 0.91 V/cm-30 Hz-2.5 ms operational protocol (mean, 7; 95% CI, 5 ς 
8 seconds) and greatest in simulations applying 0.79 V/inch-20 Hz-2 ms operational protocol (mean, 12; 
95% CI 4 ς 20 seconds), but there was no statistically significant differences among the treatment groups 
(F17/288 = 1.0428, P = 0.4114). First responses occurred at field strengths from 0.01 to 0.33 (0.10 ± 0.40) 
V/cm (Figure 2 ς 7). There was no statistical evidence that the mean threshold field strength for first 
response differed among the operational protocols (F17/288 = 0.9009446, P = 0.5741). Threshold 
cumulative exposure for first response was from 0.12 to 2853 (152 ± 348) µW/cm3·s (Figure 2 ς 7). There 
was no statistical evidence that threshold cumulative exposure for first response differed significantly 
among the treatment groups, as indicated by ANOVA (F17/288 = 1.0997, P = 0.3532). 

Flight response was observed in 99% of fish in the simulations, occurring between 45 and 59 (52 ± 2) 
seconds into the exposures (Figure 2 ς 7). There was strong statistical evidence that mean time to the 
onset of flight responses differed among the treatment groups (F17/126 = 2.840, P < 0.0001). Pair-wise 
comparisons demonstrated statistically significant differences in the mean time to onset of flight 
between simulations applying 0.79 V/cm-25 Hz-2.0 ms (52 ± 3 seconds) as compared to those applying 
1.02 V/cm-30 Hz-2.5 ms (51 ± 2 seconds, P = 0.0005), 1.14 V/cm-30 Hz-2.0 ms (51 ± 2 seconds, P 0.0106), 
1.14 V/cm-25 Hz-2.5 ms (51 ± 2 seconds, P = 0.0106) and 1.14 V/cm-20 Hz-2.0 ms (51 ± 2 seconds, P = 
0.0336) and between simulations applying 1.14 V/cm-30 Hz-2.5 ms compared to those with 0.79 V/cm-
30 Hz-2.5 ms (52 ± 2 seconds; P < 0.05). The flight response 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 (F17/338 = 1.3720, P = 0.1476). The threshold cumulative 
exposure for the flight response was from 2156 to 6489 (2977 ± 551) µW/cm3·s (Figure 2 ς 7 ). There 
was strong statistical evidence of significant differences among the operational protocols in the mean 
cumulative exposure threshold for flight (F17/338 = 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/cm-25 Hz-2.5 ms (2910 ± 496 µW/cm3·s) protocol compared to the 1.02 V/cm-30 Hz-2.5 ms (2696 ± 
372 µW/cm3·s, P = 0.0075), 1.02 V/cm-30 Hz-2.0 ms (2747 ± 331 µW/cm3·s, P = 0.0025), 1.02 V/cm-25  
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Figure 2 ς 7 A. Thresholds of targeted responses in the simulations. Thresholds field strength (volts/inch) for the first response, flight, 
immobilization, and righting in the simulations of encroachment upon electric barrier IIA on the Chicago Sanitary and Ship Canal by young-of-year 
bighead carp. The experiment was conducted at the ACOE, EL ς ERDC, Vicksburg, MS. 
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Figure 2 ς 7 B. Thresholds of targeted responses in the simulations. Thresholds field strength (volts/cm) for the first response, flight, 
immobilization, and righting responses in the simulations of encroachment upon electric barrier IIA on the Chicago Sanitary and Ship Canal by 
young-of-year bighead carp. The experiment was conducted at the ACOE, EL ς ERDC, Vicksburg, MS. 
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Hz-2.5 ms (2760 ± 349 µW/cm3·s, P = 0.0292), and 1.02 V/cm-20 Hz-2.0 ms (2774 ± 310 µW/cm3·s, P = 
0.0391) protocols. 

Immobilization of fish was achieved in 74% of the simulations in evaluating  promising operational 
protocols, occurring 49 to 78 (63 ± 5) seconds into the exposure (Figure 2 ς 7). Fish immobilized in the 
simulations typically sank instead of floating. There was strong statistical evidence that mean time to 
immobilization differed among the treatment groups (F17/248 = 2.7182, P = 0.0004). Post hoc pair-wise 
comparisons showed significant differences in the mean time to immobilization between simulations 
applying 0.91 V/cm-20 Hz-2.5 ms (66 ± 1 second) as compared to those applying  1.02 V/cm-30 Hz-2.5 
ms (60 ± 1 seconds; P = 0.0174) and 1.02 V/cm-30 Hz-2.0 ms (59 ± 1 seconds; P = 0.0381) protocols and 
between simulations applying 0.79 V/cm-20 Hz-2.5 ms (66 ± 2 seconds) as compared to those applying 
1.02 V/cm-30 Hz-2.5 ms protocol (P = 0.0253). Immobilization occurred at field strengths from 0.28 to 
1.02 (0.81 ± 0.14) volts/cm. In many cases, immobilization was induced on the falling (upstream) side of 
the high field (Figure 2 ς 7). There was strong statistical evidence that the mean threshold field strength 
for immobilization differed among the operational protocols (F17/247 = 7.9845, P < 0.0001). Post hoc pair-
wise comparisons of mean threshold field strength for immobilization indicated significant differences 
between numerous operational protocols (Table 2 ς 1). Immobilization occurred at cumulative 
exposures between 2,398 and 24,005 (11,195 ± 5,250) µW/cm3 · s. There was strong statistical evidence 
that mean threshold cumulative exposure for immobilization differed among the operational protocols 
(F17/247 = 2.9059, P = 0.0002). Post hoc pair-wise comparisons demonstrated significant differences in 
mean threshold cumulative exposure for immobilization between simulations applying 0.79 V/cm-20 Hz-
2.5 ms (14927 ± 1567 µW/cm3 · s) compared to those applying 1.02 V/cm-30 Hz-2.0 ms (7622 ± 1137 
µW/cm3 · s; P = 0.0224) and  1.02 V/cm-30 Hz-2.5 ms (7888 ± 1108 µW/cm3 · s; P = 0.0319) and between 
simulations applying 0.91 V/cm-20 Hz-2.5 ms (14487 ± 1374 µW/cm3 · s) compared to those applying 
1.02 V/cm-30 Hz-2.0 ms (P = 0.0173) and 1.14 V/cm-30 Hz-2.5 ms (P = 0.0252) protocols. 

The proportions of the experimental groups of fish that were immobilized in simulations with promising 
operational protocols varied from 0.35 to 1.00 (Figure 2 ς 8). The proportions of fish immobilized 
differed significantly among the three levels of field strength (0.79 V/cm, 0.59; 0.91 V/cm, 0.74; 1.02 
V/cmΣ лΦууΤ ˔2 = 26.463, P = 0.0001), among the three pulse-rates (20 Hz, 0.58; 25 Hz, 0.72; 30 Hz, 0.93; 
˔2 = 38.557, P = 0.0001), and between the two pulse-durations όнΦл ƳǎΣ лΦстΤ нΦр ƳǎΣ лΦумΤ ˔2 = 8.293, P = 
0.0040), in the margins of the contingency table. Risk for failing to immobilize fish was significantly 
reduced by several of the operational protocols tested  compared to the protocol effective for 
immobilizing juvenile silver carp in the pilot study,  (Figure 2 ς 9).  
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Table 2 ς 1. Mean threshold field strength (standard deviation in parentheses) for immobilization 
among the various operational protocols [ultimate field strength (V/cm), pulse-frequency (Hz), pulse-
duration (ms)]. Statistically significant differences in pair-wise comparisons are indicated by levels not 
connected by same letter (P = 0.0002 ς 0.0326). 

Operational protocol Mean (SD) 
threshold field 
strength for 

immobilization 

(V/cm) 

Levels not connected by 
the same letter indicates 

statistically significant 
difference 

Ultimate field 
strength  

(V/cm)  

Pulse-frequency  

(Hz) 

Pulse-duration  

(ms) 

           

 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 2.5 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  



Business Confidential 

37 
 

 

Figure 2 ς 8. Proportions of fish immobilized in the simulations with promising protocols. Proportions of 
fish in the immobilized during simulations of encroachment into Barrier IIA, on the Chicago Sanitary and 
Ship Canal, by young-of-year bighead carp, with various operational protocols. Operational protocols 
were characterized by ultimate field strength (V/cm), pulse-frequency (Hz) and pulse-duration (ms). The 
simulations of were conducted at the ACOE, ELςERDC, Vicksburg, MS.  

 

Relative risk for failing to immobilize young-of-year bighead carp  was reduced in simulations applying   
0.79 V/cm-30 Hz-2.0 ms (RR, 0.42; 95% CI, 0.18 ς 0.96), 
0.91 V/cm-25 Hz-2.0 ms (RR, 0.42; 95% CI, 0.18 ς 0.96), 
0.91 V/cm-30 Hz-2.0 ms (RR, 0.17; 95% CI, 0.04 ς 0.65), 
1.02 V/cm-25 Hz-2.0 ms (RR, 0.17; 95% CI, 0.04 ς 0.65), 
1.02 V/cm-30 Hz-2.0 ms (RR, 0.08; 95% CI, 0.01 ς 0.58), 
0.79 V/cm-30 Hz-2.5 ms (RR, 0.08; 95% CI, 0.01 ς 0.58), 
0.91 V/cm-25 Hz-2.5 ms (RR, 0.33; 95% CI, 0.13 ς 0.86), 
0.91 V/cm-30 Hz-2.5 ms (RR, 0.07, all fish immobilized), 
1.02 V/cm-20 Hz-2.5 ms (RR, 0.17; 95% CI 0.04 ς 0.65), 
1.02 V/cm-25 Hz-2.5 ms (RR, 0.25; 95% CI 0.08 ς 0.75), 
1.02 V/cm-30 Hz-2.5 ms (RR, 0.07, all fish immobilized), 

compared to the protocol shown effective for immobilizing juvenile silver carp (Figure 2 ς 9). 
 
CƛŜƭŘ ǎǘǊŜƴƎǘƘ όC{Τ t Җ лΦлллмύΣ ǇǳƭǎŜ-ŦǊŜǉǳŜƴŎȅ όtCΤ t Җ лΦлллмύΣ ǇǳƭǎŜ-ƭŜƴƎǘƘ όt[Τ t Җ лΦлллмύΣ ŀƴŘ ŦƛǎƘ 
length (L; P = 0.0043) were each significant single predictors of immobilization in juvenile bighead carp.  
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Figure 2 ς 9. Relative risk of fish not being immobilized. Relative risk of young-of-year bighead not being 
immobilized during the simulations with the various operational protocols. Risk for fish not to be 
immobilized was compared with risk from the simulation applying the operational protocol shown 
effective for immobilizing mid-sized silver carp in the pilot study. The simulations were conducted at the 
ACOE, ELςERDC, Vicksburg, MS. 

 

Logistic regression demonstrated a multivariable relationship between field strength (FS), pulse-
frequency (PF), pulse-length (PL), fish length (L), and the pulse-length fish length (PL*L) interaction, and 
probability of immobilization of young-of-year bighead carp. Goodness-of-Fit tests indicated that each 
ƳƻŘŜƭ ƛƴ ǘƘŜ ŎŀƴŘƛŘŀǘŜ ǎŜǘ Ŧƛǘ ǘƘŜ Řŀǘŀ ό˔2 = 308 ς 343; DF = 350 ς 354; P = 0.60 ς 0.95). All models in the 
candidate 

set had excellent discrimination, as indicated by the area under the ROC curve (0.80 ς 0.83). 
Nonetheless, there was strong support for the FS, PF, PL, L, PL*L model as the best model presented by 
the Ў and ) Normalized Akaike weights .(Table 2 ς 2) ‫‫  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; Table 2 ς 2). Hence, the FS, PF, 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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Table 2 ς 2. Model selection. Akaike information criterion (AICc) values (Ў), normalized Akaike weights 
(goodness-of-fit (GOF) P-values, and the area under the receiver operating characteristic (ROC) ,(‫ 
curve for prognostic models of electroshock-induced immobilization of juvenile bighead carp, where FS 
= field strength, PF = pulse-frequency, PL = pulse-length, and L = total length. 
 

Rank Candidate models Ў ‫ 
GOF    (P-

value) 
Area under 
ROC curve 

      1  FS, PF, PL, L, PL*L 0 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*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 (̝2 = 27.02; DF = 2; P < 0.0001), pulse-ŦǊŜǉǳŜƴŎȅ ό˔2 = 54.35; DF = 2; P = < 0.0001), pulse-
ƭŜƴƎǘƘ ό˔2 = 9.46; DF = 1; P = 0.0021), and pulse-ƭŜƴƎǘƘϝŦƛǎƘ ƭŜƴƎǘƘ ό˔2 = 5.40; DF = 1; P = 0.0202) were 
significant factors in the FS, PF, PL, L, PL*L model. Statistical differences in levels of field strength were 
demonstrated in hypothesis tests. Specifically,  

H0Υ лΦтф ǾƻƭǘǎκŎƳ Ґ лΦфм ǾƻƭǘǎκŎƳ ό˔
2 = 3.79; DF = 1; P =0.0516), 

H0Υ лΦтф ǾƻƭǘǎκŎƳ Ґ мΦлн ǾƻƭǘǎκŎƳ ό˔
2 = 26.81; DF = 1; P < 0.0001), 

H0Υ лΦфм ǾƻƭǘǎκŎƳ Ґ мΦлн ǾƻƭǘǎκŎƳ ό˔
2 = 10.45; DF = 1; P = 0.0012).  
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Hypothesis tests demonstrated statistical differences between levels of pulse-frequency and pulse-
length. Specifically,  

H0Υ нл IȊ Ґ нр IȊ ό˔
2 = 6.54; DF = 1; P = 0.0106), 

H0Υ нл IȊ Ґ ол IȊ ό˔
2 = 53.55; DF = 1; P < 0.0001), 

H0Υ нр IȊ Ґ ол IȊ ό˔
2 = 23.72; DF = 1; P < 0.0001), 

H0Υ нΦл Ƴǎ Ґ нΦр Ƴǎ ό˔
2 = 9.46; DF = 1; P = 0.0021).  

 
¢ƘŜ Ƴŀƛƴ ŜŦŦŜŎǘ ƻŦ ŦƛǎƘ ƭŜƴƎǘƘ ǿŀǎ ƴƻǘ ό˔2 = 1.92; DF = 1; P = 0.1614), but the PL*L interaction was 
ǎǘŀǘƛǎǘƛŎŀƭƭȅ ǎƛƎƴƛŦƛŎŀƴǘ ƛƴ ǘƘŜ ƳƻŘŜƭ ό˔2 = 5.40; DF = 1; P = 0.0202). 

Probability of immobilization predicted by the model varied widely among the operational protocols and 
was strongly influenced by pulse-length and fish length (Figure 2 ς 10). Predicted probability of 
immobilization in fish tested with 0.79 V/cm, 2.0 ms protocols 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 only ƛƴ ŦƛǎƘ җ 71 mm in length exposed to 30 Hz. In fish 
exposed to 0.91 V/cm, 2.0 ms protocols, predicted probability of immobilization ranged from 0.33 to 
0.54 in those exposed to 20 Hz, from 0.55 to 0.73 for fish exposed to 25 Hz, and from 0.83 to 0.93 for 
those exposed to 30 Hz; predicted probability met or exceeŘŜŘ лΦфл ƛƴ ŦƛǎƘ җ 53 mm in length exposed to 
30 Hz. In bighead carp exposed to 1.02 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 
ŦƛǎƘ җ 51 mm length exposed to 30 Hz. Predicted probability for immobilization with the 0.79 V/cm, 2.5 
ms pulse-duration protocols ranged between 0.23 and 0.95 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 
ŦƻǊ ƛƳƳƻōƛƭƛȊŀǘƛƻƴ ƳŜǘ ƻǊ ŜȄŎŜŜŘŜŘ лΦфл ƛƴ ŦƛǎƘ җ 69 mm ŜȄǇƻǎŜŘ ǘƻ нл IȊΣ ƛƴ ŦƛǎƘ җ 64 mm exposed to 
нр IȊΣ ŀƴŘ ŦƛǎƘ җ 56 mm exposed to 30 Hz. Predicted probability for immobilization with the 0.91 V/cm, 
2.5 ms pulse-duration 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, and between 0.74 to 1.00 in fish exposed to 30 Hz; predicted 
ǇǊƻōŀōƛƭƛǘȅ ŦƻǊ ƛƳƳƻōƛƭƛȊŀǘƛƻƴ ƳŜǘ ƻǊ ŜȄŎŜŜŘŜŘ лΦфл ƛƴ ŦƛǎƘ җ 64 mm ŜȄǇƻǎŜŘ ǘƻ нл IȊΣ ƛƴ ŦƛǎƘ җ 61 mm 
ŜȄǇƻǎŜŘ ǘƻ нр IȊΣ ŀƴŘ ƛƴ ŦƛǎƘ җ 51 mm exposed to 30 Hz. Predicted probability for immobilization with 
the 1.02 V/cm, 2.5 ms pulse-duration protocols ranged between 0.73 and 0.94 in fish exposed to 20 Hz, 
between 0.82 to 0.97 in those exposed to 25 Hz, and between 0.97 to 0.99 in fish exposed to 30 Hz; 
predicted probability for immobilization met or exceŜŘŜŘ лΦфл ƛƴ ŦƛǎƘ җ 61 mm exposed to 20 Hz, in fish 
җ 53 mm ŜȄǇƻǎŜŘ ǘƻ нр IȊΣ ŀƴŘ ƛƴ ŦƛǎƘ җ 51 mm exposed to 30 Hz (Figure 2 ς 10). 

Discussion 

Simulations of encroachment into the field of electric Barrier IIA (on the Chicago Sanitary and Ship 
Canal) by young-of-year bighead carp were used to evaluate the effectiveness of various combinations 
of electrical parameters for inducing passage-preventing behaviors. The simulations were conducted 
under controlled conditions using homogeneous electric fields. 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 approach applied in the present study was a significant 
improvemenǘ ƻǾŜǊ ǘƘŜ Ǉƛƭƻǘ ǎǘǳŘȅ ŀƴŘ ƛƴ ǘƘŜ άǎǘŀǘŜ ƻŦ ǘƘŜ ŀǊǘέ ŦƻǊ ǊŜǎŜŀǊŎƘ ǊŜƭŀǘŜŘ ǘƻ ŜƭŜŎǘǊƛŎŀƭ ŜȄǇosure 
of fish. Subsequently, the quality of data collected and the inference of the experimental results 
improved. The scenario in the simulations employed various aspects of the conceptual risk model 
developed for barrier effectiveness. The simulations in the present study employed what was 
considered the worst-case scenario for preventing passage of invasive bighead carp and silver carp 
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Figure 2 ς 10. Predicted probability and the occurrence of immobilization in 46 ς 72 mm bighead carp. Probability of immobilization predicted 
by the FS, PF, PL, L, PL*L prognostic model, which was developed from simulations of encroachment in the field of Barrier IIA by young-of-
year bighead carp, are plotted in red, on the left axis. The occurrence of immobilization observed in the simulations (1 = immobilized, 0 = not 
immobilized) is plotted in blue, 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 receiving 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 
associated with components of the conceptual Risk Model of Barrier Effectiveness.   

The present study targeted small fish. Although not directly tested there was evidence to support the 
hypothesis that small fish represent the worst-case for inducing passage-preventing behaviors on the 
Canal. In the context of inducing capture-prone 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 smaller fish. Lower frequencies may be less effective (than higher frequencies), 
requiring higher field strengths to induce paralysis (Edwards and Higgins 1973). Outcomes in the 
raceway experiments of Pegg and Chick (2004) demonstrated species or size dependent induction of 
passage-preventing behaviors when silver carp breached the electric field in the tests and bighead carp 
did not. The silver carp, in the study (by Pegg and Chick 2004), however, were only ¼ the length of the 
bighead carp. In a tank study, Dolan and Miranda (2003) found, in a tank study, the 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 Pegg and Chick (2004) was likely driven by differences in size between 
groups of fish rather than species differences. There is significant evidence that Barrier I (on the Canal) 
was effective on large common carp (Sparks et al. 2004; Dettmers and Creque 2004) when applying 
operational protocols having pulse-frequencies of 2 Hz, 3 Hz, and 5 Hz. In comparison, substantially 
greater field strength, pulse-frequency, and pulse-duration was necessary to immobilize 137 to 280 mm 
small silver carp in 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 (2004). The present study targeted 
even smaller bighead carp (51 ς 76 mm) as a worst-case, as effects are expected to be more pronounced 
in larger fish. 

The patterns of field strength applied in the simulations were calibrated to fish swimming at the surface, 
which was assumed to represent a worst-case scenario for preventing fish passage. Fish swimming 
upstream at some depth will penetrate the electric barrier to the extent possible. Models and in-water 
measurements of the electric barriers on the Canal demonstrate the strength of the field increases with 
proximity to the electrodes; field strength is lowest at the surface. The extent of the penetration of the 
field by fish swimming at depth will be determined by some threshold of in vivo electrical stimulation. If 
in vivo electrical stimulation is insufficient to induce a passage-preventing behavior, fish will breach the 
barrier. If of sufficient magnitude, in vivo electrical stimulation will induce a passage-preventing 
behavior and/or will lead fish to the surface. 

It is hypothesized that the shape of the Barrier field, demonstrated in the analysis and simulations of the 
electric field, will tend to guide fish toward the surface. In vivo thresholds for evoked behaviors 
correspond spatially to an equipotential boundary within the field (a boundary of field strength) 
extending across the Canal. It is hypothesized that fish motivated to swim upstream and similarly 
motivated to not to exceed some electrical threshold for in vivo stimulation will follow this equipotential 
boundary to the water surface. This expectation is based on anecdotal observation and experience, but 
no data is available to support it. The relation between field strength and fish size is the basis for 
expectations of differential penetration of the graduated electric barriers on the Chicago Sanitary and 
Ship Canal, by fish of different sizes. Fish 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 
expected and is regarded as the worst case. 

In the simulations, fish were assumed to continue upstream despite increasing electrical stimulation. 
With a graduated field, fish challenging the barrier will be gradually exposed to increasingly unpleasant 
stimuli and can 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 an unintentional consequence of abrupt 
changes in field strength (based on descriptions of the electrode array), where fish unintentionally 
crossed boundaries in field strength and became excited by high levels of electrical stimulation that 
would have otherwise been 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, even to their death. Stewart (1990b) 
reported similar outcomes in tests with a marine barrier. Thus, it was prudent to assume, in the 
simulations, that fish would continue to swim upstream into the barrier despite noxious stimuli.  

Volitional avoidance of the electric field was not addressed in the present study. If bighead carp and 
silver carp will  avoid the increasingly unpleasant electrical stimuli associated with continued 
penetration of the electric barrier on the CSSC is not known. Further, if learning to avoid the electric 
field does occur, the threshold for noxious electrical stimulation associated with the learning is also not 
known. The threshold electrical exposure for avoidance would be below that for rendering fish 
physically incapable of progressing upstream, the desired outcome in the present study. If avoidance 
should prove a reliable passage-preventing response to electrical stimulation and the threshold is below 
that for incapacitation,  Barrier output could be reduced. The reduction in output could substantially 
reduce required electrical energy and equipment wear, and increase the margin for human safety. Study 
of volitional avoidance of waterborne electric fields by the targeted species is warranted. 

The simulations assumed the condition of no water current flow, or very low flow, as worst-case 
scenarios. The electric barriers on the Canal utilize cross-channel electrodes. The direction of electric 
current flow is, therefore, parallel with the direction of water current flow. Fish oriented in the 
upstream-downstream direction experience the greatest electrical exposure (greatest body-voltage), 
being aligned parallel with the direction of electrical current flow. The scenario of no water flow in the 
simulations represents the worst-case scenario, as fish can minimize body-voltage (by turning 
perpendicular to the direction of electric current flow, perpendicular to the upstream-downstream 
direction) during the exposures, without being washed back downstream. This circumstance can occur 
on the Canal. In this case, fish swimming directly upstream would penetrate the electric barrier to the 
extent of receiving unpleasant stimulation then turn perpendicular to the direction of electric current 
flow, along an equipotential line (Vibert 1967), without being swept downstream. Fish turning near 
perpendicular, but slightly upstream, and continuing to swim forward could breach the barrier if the 
electrical stimulus is insufficient to render fish incapable of forward progress. No water current flow or 
very low velocity was used in the simulations to mimic this circumstance, where fish orientation to the 
direction of electric current flow was uncontrolled and fish could minimize body-voltage. Thus, the 
operational protocols effective in the simulations were proven so under the  worst case environmental 
condition of no water current flow. 

A minimum duration of exposure was assumed to be the worst-case scenario in the simulations. A direct 
relation between duration of exposure and probability of immobilization was hypothesized, where 
longer exposure periods would increase probability of immobilization and, conversely, shorter exposure 
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periods would decrease probability of immobilization. The duration of the simulations (88 seconds), 
which influences cumulative exposure and rates of change in the field strength, were calibrated to the 
estimated maximum sustainable swimming speed for 51 ς 76 mm bighead carp and represent the 
estimated minimum duration of exposure on the Canal under the condition of  no water current flow. A 
direct relation has been demonstrated between duration of exposure to pulsed DC and mortality in 
bluegill Lepomis macrochirus (90 to 170 mm length), fantail darters Etheostoma flabellare (25 mm to 75 
mm length; Whaley et al. 1978) and Cape Fear shiners (25 ς 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 effects of low 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 1924 in Sternin 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 the total volume of stimulus. Although fish did 
react (first response) to the field strengths associated with the low-field (in the simulations), the 
stimulus did not appear unpleasant, as fish did not appear distressed and swimming was unimpaired. 
Living organisms often adapt to weak stimuli (irritants), low gradients (Prel 1991).  

Flight responses were consistently induced on the rising side of the high-field in the simulations. This 
region of the exposure is associated with rapidly increasing gradient. Given that fish showed little 
response to the low-field, the region of rapidly increasing gradient (the rising side of the high field) may 
serve as equipotential boundaries to 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 exposed to the low-field. Based on the work of Prel (1991), exposure to the low field may 
increase susceptibility to electrical stimulus in the small fish, increasing probability of immobilization 
when challenging the high field. According to Sternin et al. (1976), the cumulative effect of an electrical 
exposure may lead to changes in fish reaction or even gradual depression of the central nervous system. 
Thus, exposure to the low-field may predispose small fish to immobilization by the high-field. It is 
hypothesized that probability of immobilization increases with duration of exposure to low gradients. 
Additional study is warranted. 

The effects of cumulative exposure to low levels of electrical stimulation on the physiology and 
immobilization thresholds of fish are largely 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 fish to increase susceptibility to increased electrical gradients. Similarly, 
investigation of effects of swim speed, in the context of increasing or decreasing durations of exposure, 
on immobilizationthresholds is warranted. 

Outcomes in the present study support hypotheses that characteristics of waterborne electric fields 
influence probability of induction of passage-preventing behaviors in young-of-year bighead carp, 
supporting facets of the conceptual risk model for barrier effectiveness. Pulse-frequency and field 
strength were demonstrated to be significant individual predictors of immobilization in the screening 
experiments. A multivariable relationship was demonstrated between field strength, pulse-frequency, 
pulse-duration and fish length and the probability of immobilization in the experiment with promising 
operational protocols. Based on the outcomes of the experiment, efficiency of the electric barriers on 
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the Canal will be strongly influenced by the operational protocol employed (technical factors in the 
conceptual model). 

The effects of cumulative exposure on thresholds of response must be considered because of the size of 
the electric barriers on the Canal.  In the experiment with promising operational protocols, comparisons 
of threshold cumulative exposure (and time to onset) for flight demonstrated significant differences 
among the operational protocols. In general, threshold cumulative exposure for the flight responses 
were least when ultimate field strength was greatest (1.02 V/cm). Because ultimate field strength was 
reached at the same time in the patterns of the exposures the gradients leading to the ultimate field 
strength in the high-field were greater for the 1.02 V/cm exposures as compared to the patterns for the 
other exposures. The reduction in cumulative exposure thresholds are believed to have resulted from 
the greater rates of increase, as the time threshold for flight was also least in protocols applying  1.02 
V/cm, which is in accordance with the results of Prel (1991). 

Measures of cumulative exposure may be more appropriate than field strength for comparisons of 
threshold response given the relatively long exposure times and heterogeneous nature of the patterns 
of exposure in the tests. Comparisons of thresholds for immobilization among the operational protocols 
demonstrated significant differences in time, field strength, and cumulative exposure. In general, time 
to threshold response and cumulative exposure for immobilization were least in protocols applying 1.02 
V/cm and pulse-frequency of 30 Hz. Comparisons 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 misleading as immobilization was significantly less frequent with 
these protocols and often 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 on the Canal. The model was developed from simulations and 
demonstrates the relative effectiveness of the various operational protocols for incapacitating young-of-
year bighead carp. The FS, PF, PL, L, PL*L prognostic model was statistically superior to the other models 
evaluated and provides the best information available regarding the likelihood of immobilizing 46 ς 72 
(56 ± 5) mm bighead carp encroaching upon electric barrier IIA on the Chicago Sanitary and Ship Canal. It 
must be emphasized, however, that the model is 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 especially important with regard to the point estimates 
of probability for immobilization. For example, in experimental cells where 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, PL: 2.5 ms], the long term 
average percent of fish immobilized could be as low as 85% (this is the lower 95% confidence interval for 
a binary response, for the point estimate of 100% with N = 20). The confidence interval about the point 
estimates shrinks as the sample size in the experimental cells increases. Application of the rule of threes, 
indicates that when 100% of fish in an experimental cell are immobilized, the lower limit of the 95% CI 
would be 90% of fish immobilized with 30 fish/cell, 95% of fish immobilized with 60 fish/cell, 97% of fish 
immobilized with 100 fish/cell, and 99% of fish immobilized with 300 fish/cell (van Belle 2002). The 
number of fish required in a full factorial experiment may become impractical, depending on the desired 
level of confidence. Extensive testing for reduction of confidence intervals, for validation and refinement 
of the model, can be conducted on a select few experimental cells.  

Statistical significance was apparent among the levels of field-strength, pulse-frequency and pulse-
duration in the prognostic model. The FS, PF, PL, L, PL*L model demonstrated a strong dependence 
between probability of immobilization and fish length. There were direct relations between the 
proportions of fish immobilized and field strength, pulse-frequency, and pulse-duration. Fish were 
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between 46 and 72 mm  in length, but a statistically significant positive relation was evident between 
probability of immobilization and fish length. Holliman et al. (2003) found a similar relation between 
mortality and fish length in Cape Fear shiners of a similar size range  (42 ς 83 mm). Use of 0.90 as a 
probability of immobilization as a cut-point, as predicted by the FS, PF, PL, L, PL*L model, demonstrates 
the strong dependence of probability of immobilization on fish size and operational protocol, where 
predicted probability of immobilization approached or exceeded лΦфл ŦƻǊ ŦƛǎƘ җ  

71 mm exposed to 0.79 V/cm-30 Hz-2.0 ms, 
53 mm exposed to 0.91 V/cm-30 Hz-2.0 ms, 
51 mm exposed to 1.02 V/cm-30 Hz-2.0 ms, 
69 mm exposed to 0.79 V/cm-20 Hz-2.5 ms, 
64 mm exposed to 0.79 V/cm-25 Hz-2.5 ms, 
56 mm exposed to 0.79 V/cm-30 Hz-2.5 ms, 
64 mm exposed to 0.91 V/cm-20 Hz-2.5 ms, 
61 mm exposed to 0.91 V/cm-25 Hz-2.5 ms, 
51 mm exposed to 0.91 V/cm-30 Hz-2.5 ms, 
61 mm exposed to 1.02 V/cm-20 Hz-2.5 ms, 
53 mm exposed to 1.02 V/cm-25 Hz-2.5 ms, 

        and 51 mm exposed to 1.02 V/cm-30 Hz-2.5 ms. 

Silver carp, bighead carp and common carp share the behavioral characteristics of swimming against the 
flow (Zhong 1990). There are numerous anecdotal reports of large fish at the water surface, apparently 
motivated to swim upstream, interacting with the low-field of electric barrier IIA, repeatedly penetrating 
the field and falling back. The pilot study completed April 2009 demonstrated an ultimate field strength 
of 0.79 V/cm, pulse-frequency of 15 Hz, 6.5 ms pulse-duration, the operational protocol for Barrier IIA in 
use at the time of this report, effective for immobilizing the silver carp used in the study [137 to 279 
(196 ± 36) mm total length]. If the single bighead carp discovered in the Canal (3 December 2009, ~ 556 
mm bighead carp collected during a rotenone event; Illinois 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 to  4 times the length of fish used in the pilot experiment. Additional study, under 
controlled conditions, is warranted  for verification of the FS, PF, PL, L, PL*L model and refinement of 
predictions. 

Several of the operational protocols applied in the simulations reduced the risk for failure to immobilize 
young-of-year bighead carp,  

0.79 V/cm-30 Hz-2.0 ms (RR, 0.42; 95% CI, 0.18 ς 0.96), 
0.91 V/cm-25 Hz-2.0 ms (RR, 0.42; 95% CI, 0.18 ς 0.96), 
0.91 V/cm-30 Hz-2.0 ms (RR, 0.17; 95% CI, 0.04 ς 0.65), 
1.02 V/cm-25 Hz-2.0 ms (RR, 0.17; 95% CI, 0.04 ς 0.65), 
1.02 V/cm-30 Hz-2.0 ms (RR, 0.08; 95% CI, 0.01 ς 0.58), 
0.79 V/cm-30 Hz-2.5 ms (RR, 0.08; 95% CI, 0.01 ς 0.58), 
0.91 V/cm-25 Hz-2.5 ms (RR, 0.33; 95% CI, 0.13 ς 0.86), 
0.91 V/cm-30 Hz-2.5 ms (RR, 0.07, all fish immobilized), 
1.02 V/cm-20 Hz-2.5 ms (RR, 0.17; 95% CI 0.04 ς 0.65), 
1.02 V/cm-25 Hz-2.5 ms (RR, 0.25; 95% CI 0.08 ς 0.75), 
1.02 V/cm-30 Hz-2.5 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 general, risk for failing to incapacitate bighead carp in the simulations was reduced with operational 
protocols employing  pulse-frequencies of 25 or 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 in simulations applying 15 Hz pulsed DC, in the screening experiment and 0.55 
was achieved when applied at 1.5 V/cm. Thus, operational protocols applying 15 Hz were excluded from 
the factorial experiment, as they had been demonstrated in the screening experiment to be in 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 research. The combined rate of immobilization was 0.40 in these 
simulations, where FS: 0.79 V/cm, PF: 15 Hz: PL: 6.5 ms. Because three of these simulations were 
conducted with water flow rates of 5 cm/s or 10 cm/s, which were greater the rate used in the other 
simulations (3 cm/s), immobilization rates in these simulations may be greater than if the simulations 
had been conducted at 3 cm/s. Thus, post hoc estimates of RR may be underestimated. Further, the 
experiment on promising operational protocols were conducted on individual fish and the simulations 
serving as the baseline was conducted on groups of fish. Thus, there is potential for behavioral 
differences between fish exposed in groups versus those exposed as individuals. If these behavioral 
differences would influence rates of immobilization is 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 experiments (conducted 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 pulse-duration as technical factors in 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 barrier. Testing of other components 
in the conceptual Risk Model for Barrier Effectiveness is underway. 

Verification of FS, PF, PL, L, PL*L model, as individual factors if necessary, and other components of the 
conceptual Risk Model for Barrier Effectiveness, on the Canal, is recommended. Development of a 
widely available, innocuous, surrogate species, or suite of species, though comparative testing under 
controlled conditions, for evaluation, calibration, and verification of Barrier performance on the Canal 
would be prudent. Because of the host of factors that may confound field experiments and the difficulty 
associated with experimenting directly on the Canal, refinement of the electric field simulation system is 
underway. 
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3 ς Potential Effects of Water Conductivity on Barrier Effectiveness 

Simulations of outcomes of encroachment upon the electric barriers by young-of-year bighead carp 
demonstrate the likelihood of immobilizing small bighead carp is strongly influenced by the 
characteristics and magnitude of the waterborne electric field (Holliman, this report). Ultimately, 
however, it is the characteristics and magnitude of electric current that is introduced into the flesh of 
fish that determines whether or not  passage-preventing behaviors are induced. The efficiency of this 
transfer of electrical energy from the water transmitting the electric field to the flesh of fish 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 
quality monitoring at stations upstream of the barriers, at Romeoville Road and Route 83 (river miles  
296.2 and 304.7), from October 1998 to April 2010, by the Metropolitan Water Reclamation District, 
demonstrates marked seasonal variation in the conductivity of water in the Canal (Figure 3 ς 1). Mean 
specific conductivity was 981 (± 402) µS/cm over this period of 12-years, with a minimum of 489 µS/cm 
and a maximum of 4697 µS/cm. Examination of specific water conductivity measures by month 
demonstrates distributions of water conductivity measures were relatively consistent April through 
November, but were right skewed December through March. Water conductivity was highest in January 
(4640 µS/cm), February (4697 µS/cm), March (4180 µS/cm), and December (3049 µS/cm) compared to 
the remaining months of the year (805 ± 182; maximum, 1940; minimum, 489).  

The fluctuations in the conductivity of water in the Canal are important to the operation of the barrier in 
the context of the electrical load experienced by the power system (i.e., power demand) and in the 
mismatch in conductivity between water and fish. The power system for the barrier is a constant voltage 
system. As such, the system automatically compensates for the changes in electrical load (water 
conductivity) by changing the electrical current output to maintain output voltage, within the power 
limits of the system. Whether additional compensation in the electrical output of the barrier, beyond 
the automatic compensation by the power system, will be necessary to overcome mismatches in 
conductivity between water and fish, to maintain the effectiveness electric barrier at inducing passage-
preventing behaviors in the targeted fishes is unknown.  

The Power Transfer Theorem shows that transfer of electrical 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 fish), developing 
a mathematical model for calculating electrical energy transfer from waterborne electric field to fish. 
Instrumentation to quantify the conductivity of water ὧ  is widely available. The determination of 
conductivity of live fish during an electrical exposure is, however, problematic (Kolz 2006). The 
eǎǘƛƳŀǘƛƻƴ ƻŦ ǘƘŜ άŜŦŦŜŎǘƛǾŜέ ŎƻƴŘǳŎǘƛǾƛǘȅ ƻŦ ŦƛǎƘ όὧ  ), which is based on patterns of thresholds for 

behavioral responses to electrical exposures, is more tractable. 

Behavioral response of fish to electrical exposure can be employed as an indirect measure of in vivo 
power achieved in a fish (Kolz 1989, Kolz 2006). The energy levels in waterborne electric fields 
associated with thresholds for behavioral responses of fish 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. 2008). Because fish behavioral responses reflect levels of in vivo power, similar responses 
can be expected from fish though the aquatic environment may vary. Hence, the threshold-response 
relationship is useful for inference of laboratory results for field operations. 
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Figure 3 ς 1. Water conductivity on the CSSC. Box plots and histograms of specific conductivity of water (µS/cm) in 
the CSSC by month (A and B) and year (C and D). The measures were collected by the Metropolitan Water 
Reclamation District near the barriers, at river miles 304.7 (Route 83) and 296.2 (Romeoville Road), August 1998 
through April 2010. The boxes indicate the 25th, 50th, and 75th quartiles. The whiskers extend to the outermost 
measures falling within 1.5 x the interquartile range. The horizontal line indicates the grand mean. 
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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 for 60 ς 90 mm goldfish  

Carassius auratus varied with the characteristics of the electric current (DC, 83 µS/cm; AC, 156 µS/cm; 
50 Hz pulsed DC of 2, 5 and 10 ms pulse-duration, 145 µS/cm, 160 µS/cm, and 137 µS/cm; Kolz and 
Reynolds 1989). Estimates of effective conductivity of 270 ς 350 mm channel catfish Ictalurus punctatus 
immobilized by 3-second exposures to DC or 1 ms pulses of DC at 15, 20, 30, 60 or 110 Hz, ranged from 
89 to 138 µS/cm (Miranda and Dolan 2003). Effective conductivity estimates for Murray cod 
Maccullochella peelii peelii exposed to 4 ms pulses of DC at 60 Hz for 3 seconds varied with targeted 
response (escape, 65 µS/cm; forced swimming, 78 µS/cm; immobilization, 80 µS/cm; narcosis, 46 
µS/cm). Threshold voltage gradients for flight in bighead and silver carp exposed to 50 Hz AC, in water of 
various conductivity (Liu 1990), conformed to power transfer theory, resulting in point estimates for 
effective conductivity of 56 µS/cm and 96 µS/cm (Dolan and Miranda 2003). Threshold voltage gradients 
for forced swimming in 30 cm eels, reported by Lamarque (1967), and for first response in trout, 
reported by Sternin et al. (1976)  conform to power transfer theory. Analysis of this data for this report 
provides an effective conductivity estimate of 76 µS/cm for eels and 100 µS/cm for trout.  

Comparison of previous estimates of fish effective conductivity for various species with measures of 
water conductivity in the Canal indicate that a significant mismatch in the conductivity between the two 
mediums is likely; the effective conductivity of fish encroaching upon the electric barrier will be 
considerably less than the conductivity of the water transmitting the electric field. The goal of this phase 
of the study was to determine operational protocols for the electric barriers to maintain efficiency at 
inducing passage-preventing behaviors in young-of-year bighead carp in water of various conductivity. 
Specific objectives were to (1) estimate fish effective conductivity ὅ and threshold levels of transferred 

power density (Ὀ , (2) estimate fish effective conductivity ὅ and threshold levels of transferred 

electrical energy  based on cumulative exposure (Ὀ ɇί, and (3) relate these factors to operation of the 
barriers on the Chicago Sanitary and Ship Canal. 

Methods 

Two independent experiments were conducted at the Army Corp of Engineers, Aquatic and Ecosystem 
Research and Development Center, Environmental Laboratory, Engineer Research and Development 
Center, Vicksburg, Mississippi from 6 October 2010 to 9 November 2009. Pond-cultured bighead carp 
were used in the study. Fish were transported to the host facility via hatchery vehicle and held in closed, 
water re-circulating systems (Figure 3 ς 2) for a minimum of one week after transport, prior to being 
used in the experiment.  

Electrical exposures were applied in one of two non-conductive 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 a 170 cm x 45 cm x 51 cm fiberglass tank. Electric fields uniform in the cross-
section with linear changes in voltage gradient (E) along their lengths (Holliman and Reynolds 2002) 
were generated by applying electrical energy to stainless steel, plate electrodes, fitted to the inner 
dimensions of the 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 using the electric field simulation system or a 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 ς 2. Closed water recirculating systems. Pond cultured young-of-year bighead carp were held 
closed, water-recirculating systems at the US Army Corp of Engineers, Aquatic Ecosystem Research 
Development Center, Environmental Laboratory, Engineer Research Development Center (EL-ERDC), 
Vicksburg, Mississippi prior to being used in the study. The experiments evaluating effects of water 
conductivity variation on electric barrier operation on the Chicago Sanitary Ship Canal was conducted 6 
October to 9 November 2009.  

 

Electrical exposures were applied to naïve bighead carp individually. Fish were exposed to 2 ms pulses of 
DC, cycling at 30 Hz, a pulse frequency-pulse duration combination shown effective for inducing 
passage-preventing behaviors in prior simulations of encroachment into the field of Electric Barrier IIA 
by young-of-year bighead carp  (Holliman, this report). The exposures were applied in well water 
(conductivity of about 250 µS/cm) after de-ionization or application of Instant Ocean® to achieve levels 
of ambient conductivity of approximately 20, 40, 100, 150, 500, 1000, 2000, and 4000 µS/cm. The order 
in which the levels of conductivity were tested was randomized. Appropriate numbers of fish were 
acclimated to water of each targeted level of conductivity for a minimum of 3 days prior to use in the 
experiment.  

The behaviors of the fish were monitored during the electrical exposures. Targeted responses in the 
power-density-threshold-response experiment were first response, forced swimming with loss of 
equilibrium, and immobilization. Targeted responses in the cumulative exposure experiment were first 
response, flight, and immobilization. First response (the initial reaction to the presence of an electric 
field) typically included startle, rapid start, distinctive twitches of the head or tail, or brushing the body 
against the side or bottom of the tank. Forced swimming with loss of equilibrium was characterized by 
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short-stroke, rapid tail-beat, ineffectual swimming accompanied by loss-of-equilibrium. Flight was 
characterized as the onset of rapid (frantic) non-directed swimming, and often included fish swimming 
from side-to-ǎƛŘŜ ƛƴ ǘƘŜ ǘŀƴƪ όƳƛƴƛƳƛȊƛƴƎ άōƻŘȅ-ǾƻƭǘŀƎŜέύΦ The flight response often transitioned into 
forced swimming while righted or forced-swimming accompanied by loss-of-equilibrium. Immobilization 
(tetany) was characterized by a complete cessation of swimming motions and was typically 
accompanied by loss-of-equilibrium.  

Power density thresholds for first response, pseudo-forced swimming, and immobilization were 
determined with electrical exposures lasting only long enough to ascertain fish response. The 
temperature of water in the tank was between 20.0 and 22.4 (21.6 ± 1.4) C. An incremental process was 
employed to determine the onset (threshold) of the targeted responses, where fish were incrementally 
exposed to various levels of field strength to discover the threshold of the targeted responses. The 
number of exposures was limited to avoid fatigue in the exposed fishes. The strength of the electric field 
[(voltage gradient, E, (volts/cm)] associated with the onset of first response and forced swimming with 
loss-of-equilibrium or first response and immobilization were determined for each fish. A total of 50 fish 
were used at each of the levels of water conductivity in the power density threshold tests. The order in 
which the levels of conductivity were tested was randomized. 

Simulations of encroachment upon electric Barrier IIA were 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 electrical 
exposure experienced by fish traversing the field of Electric Barrier IIA, at the surface of the canal (Figure 
3 ς 3ύΦ ¢ƘŜ ǊŀƴƎŜ ƻŦ ŦƛŜƭŘ ǎǘǊŜƴƎǘƘ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ άƭƻǿ-ŦƛŜƭŘέ ǿŀǎ ŎƻƴǎƛǎǘŜƴǘ ŀƳƻƴƎ ǘƘŜ ǘǊŜŀǘƳŜƴǘǎΦ 
The ultimate field strength, the peak of the high-field, was varied between 0.79 V/cm and 1.5 V/cm, 
depending on water conductivity. The duration of the simulations, which determined rates of change in 
field strength, was calibrated to the estimated time required for 51 ς 76 mm bighead carp to traverse 
the ~ 44 meter electric barrier under the conditions of no water current flow. 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 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 periods (personal communication, Dr. Jack 
Killgore, Dr. Jan Hoover, Army Corp of Engineers, Environmental Laboratory ς Engineer 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 worst-case, as duration of 
exposure was minimized. An external timer was used to estimate exposure time at the onset of targeted 
behaviors, which was then used to estimate threshold voltage gradient (V/cm), threshold power density 
(µW/cm3) and threshold cumulative electrical energy (µW/cm3 · s).  

A total of 20 fish were used at each of the water conductivity levels, in the simulations. Each fish was 
immersed in an overdose solution of MS-222 immediately after completion of the electrical exposure. 
Measures of total length (mm) and weight were collected on each fish. Previous testing had been 
conducted with the 30 Hz, 2 ms operational protocol in water with conductivity of 1000 µS/cm 
(Holliman, this report, screening experiments), these data were included in this analysis, and the trial 
was not repeated. Otherwise, the order in which the levels of conductivity were tested was randomized. 
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Figure 3 ς 3. Electric field in the simulations. The electric field strength varied with time in the 
simulations of encroachment into Barrier IIA under various conditions of water conductivity in the 
Canal. The exposures simulated the electrical signal of Barrier IIA, at the surface of the Chicago 
Sanitary Ship Canal. Patterns of electric field strength associated with simulations applying ultimate 
field strengths of 0.79 V/cm and 1.5 V/cm  are shown. The strength of the electric field in the 
simulations varied with time (seconds). The exposures simulated young-of-year bighead carp 
encroaching upon the electric field at a constant rate of 50 cm/s. 

 

Applied power density (  Ὀȟ µW/cm3) associated with the onset of targeted behaviors was estimated for 
each fish using Ὀ Ὁ ɇὧ  , where Ὁ was the threshold voltage gradient (V/cm) and ὧ 

 
 was the 

ambient conductivity of the water in the test tank. Threshold cumulative exposure for the targeted 
behaviors (Ὀ ɇί, µW/cm3 · s) in the simulations was estimated by summing the products of discrete 
power density (  Ὀ , µW/cm3) levels and time intervals from the beginning of the exposure to the onset 
of the targeted behavior. The exposures were divided into 1024 discrete intervals of time and field 
strength for the calculations. 

Threshold values of applied power density Ὀ  were fitted by the non-linear least-squares method 
against the theoretical curves for maximum power transfer: Ὀ Ὀ ρςϳ  ρτὧ ὧ  ὧ ὧϳϳϳ , 

where Ὀ  was the threshold in vivo power density and ὧ = fish effective conductivity (Kolz and 

Reynolds 1990). The equation was solved iteratively to achieve the best fit for estimation of parameters 
for Ὀ  and ὧ (with 95% or 90% confidence intervals). Similarly, threshold cumulative exposures (Ὀ ɇί) 

for targeted responses in the simulations were fit to the theoretical curve for maximum power transfer 
to estimate Ὀ ɇί, the in vivo cumulative exposure for the flight response and ὧ. Theoretical curves for 

maximum power transfer were also fit to threshold Ὀ ɇί values for immobilization (from the 
simulations of encroachment) using values of ὧ estimated in the power-density-threshold-response 

experiment, to estimate Ὀ ɇί and to evaluate model fit with the various ὧ. Model goodness-of-fit was 

quantified with the R2 statistic (Kvålseth 1985), calculated as: Ὑ ρ  В ώ  ώ ώ ώϳ ), where ώ 
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was the logarithm of threshold electrical energy, ώ was the predicted electrical energy, and ώ was the 
arithmetic mean of all ώȢ  

The multiplier for constant power (MCP; Kolz 1989) was calculated with ὓὅὖ ρ  ὧ ὧϳ τὧ ὧϳϳ , 

using estimates of ὧ for forced-swimming (with loss of equilibrium) and immobilization from the power-

density-threshold-response experiment . The intersection of the MCP distributions for the two values of 
ὧ  was used to estimate the ὧ roughly splitting the difference between the curves (Miranda and Dolan 

2003). Power transferable from water to fish was calculated with ὖ ὖ ὓὅὖϳ . Power output goals 
ὖ for the Barrier under different conditions of water conductivity were calculated by substituting ὖ for 

ὖ in the equation, which provided ὖ  ὖ ὓὅὖ (Burkhardt and Gutreuter 1995). Power goals for 

Electric Barrier IIA were calculated for the set of operational protocols evaluated in simulations of 
encroachment and  prognostic models of immobilization (Holliman, this report) and for the operational 
protocol demonstrated effective on juvenile silver carp in the pilot study (Holliman, this report). 
Estimates of Barrier IIA  ὖ (pulse power) when applying the operational protocols in water of 2,000 
µS/cm conductivity (personal communication, Doug Malone, Smith-Root, Inc., Vancouver, Washington) 
were used to derive a  baseline ὖ. Power goals for the various operational protocols were calculated for 
water conductivity between 400 and 4500 µS/cm. Statistical analyses were accomplished using JMP 
statistical software, Version 8 (SAS 2009). 

Results  

Data on threshold power density for the various responses were collected on a total of 400 bighead 
carp. The fish were 42 to 71 (mean ± standard deviation; 53 ± 5) mm total length and weighed 0.3 to 2.9 
(1.2 ± 0.4) grams. Thresholds for behavioral responses varied in accordance with power transfer theory. 
Estimates of bighead carp effective conductivity and transferred power density varied with behavioral 
response. Based on the threshold power density for first response, ὧ was estimated to be 39 (95% CI, -7 

ς 69; 90% CI 3 - 64) µS/cm and Ὀ  to be 0.68 (95% CI -0.13 ς 1.18; 90% CI, 0.05 ς 1.11) µW/cm3. Based 
on the threshold power density for forced swimming with loss of equilibrium, fish effective conductivity 
was estimated to be 95 (95% CI, 60 ς 135) µS/cm with transferred power estimated to be 112 (95% CI, 
87 ς 112) µW/cm3. Based on threshold power density for immobilization, effective conductivity of 
young-of-year bighead carp was estimated to be 84 (95% CI, 66 ς 100) µS/cm and transferred power 
density was estimated to be 166 (95% CI, 133-195) µW/cm3 (Figure 3 ς 4). The R2 statistics for the 
models fit to the threshold power density data were 0.84 for first response, 0.88 for pseudo-forced 
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 conductivity. 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. Immobilization was induced in 
66% of the simulations (Figure 3 ς 5). The incidence of immobilization varied from 0.00 to 1.00, among 
the water conductivity levels (23 µS/cm, 0.00; 43 µS/cm, 0.00; 97 µS/cm, 0.90; 151 µS/cm, 0.90; 530 
µS/cm, 0.85; 986 µS/cm, 1.00; 1965 µS/cm, 0.90; 4049 µS/cm, 0.80).  
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Figure 3 ς 4. Plots of behavioral threshold power density versus water conductivity. Log-log plot of 
power density versus water conductivity for predicting power to elicit first response, forced swimming, 
and immobilization in juvenile bighead carp. Mean values of the response threshold-power-density and 
the fitted theoretical curves for maximum power transfer are plotted as functions of water conductivity. 
Effective conductivity for bighead carp was estimated to be 39 (90% CI, 3 - 64) µS/cm based on 
thresholds for first response, 95 (95% CI, 60-135) µS/cm based on thresholds for pseudo-forced 
swimming, and 84 (95% CI, 41-121) µS/cm based on thresholds for immobilization. In vivo threshold 
power density was estimated to be 0.68 µW/cm3 for the first response, 112 (95% CI, 87-112) µW/cm3 
for pseudo-forced swimming, and 172 (95% CI, 119-199) µW/cm3 for immobilization. 

 

The threshold for first responses varied markedly in the simulations, occurring from one to 54 seconds 
leading to outliers in the data distributions (Figure 3 ς 5). The variability in the threshold power density 
and cumulative exposure for first response in the simulations strongly influenced the fit of model. The 
model fit to threshold power density failed to converge, preventing estimation of model parameters, 
until outliers from the 4000 µS/cm exposures were removed. The fit of the power transfer curve to the 
threshold cumulative exposure data was very poor (R2 = 0.27), as reflected in the confidence intervals of 
estimated ὧ (90% CI, -126 ς 108) µS/cm and transferred power Ὀ ɇί = 27.6 (90% CI ς 110 ς 80) 

µW/cm3 · s. 






































































































