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Executive Summary 

Bighead carp Hypophthalmichthys nobilis and silver carp Hypophthalmichthys molitrix are nuisance 
invaders of the Mississippi River System and potential invaders of the Great Lakes. Electric barriers, 
developed by Smith-Root, Inc. (Vancouver, Washington) and operated by the US Army Corps of 
Engineers, are employed in the Chicago Sanitary and Ship Canal (CSSC) to deter dispersal of aquatic 
nuisance species through the waterway.  

Herein, research on operational protocols and risk for breach of the barriers is described. A Conceptual 
Risk Model for Breach of the Electric Barriers (based on technical, biological, and environmental factors 
hypothesized to influence risk for breach), 

Technical factors Biological factors Environmental factors 
   Pulsed DC field strength      Fish species     Water conductivity 
   Pulsed DC pulse-frequency 
   Pulsed DC pulse-duration 
   Field orientation 
         (direction of electric current flow) 

        Fish size 
        Behavior 

     Swimming speed 
         (duration of exposure) 

 Water velocity 
 Water depth 

    Habitat, 

   Field size   
   Field distribution (shape)   

 

was devised to facilitate understanding of the electric barriers, to aid development of hypotheses for 
testing, and to provide a conceptual framework for the research. Five experiments related to the 
operation and efficiency of the electric barriers in the CSSC (a pilot experiment and experiments on 
electrical parameters, water conductivity, volitional challenge of electric fields, and water velocity) were 
conducted in a controlled environment. The influence of individual factors (in the model) on risk for 
breach of the barriers was directly tested in the experiments, was addressed in the approach used in the 
experiments, or their influence was apparent in the outcomes of the experiments. 

The pilot study was conducted with small [137 to 280 (mean ± standard deviation; 195 ± 35) mm total 
length; 5.4 to 11.0 (7.7 ± 1.4) inches] silver carp. The remaining experiments were conducted on small 
bighead carp [42 – 93 (57 ± 6) mm total length; 1.7 – 3.7 (2.2 ± 0.2) inches]. In the experiments on 
effects of electrical parameters, water conductivity, and water velocity, fish were subjected to electrical 
exposures in a fashion that mimicked exposure that would be received by fish penetrating the electric 
field of Barrier IIA in the CSSC (simulations of encroachment). The immobilization of encroaching fish 
(i.e., fish rendered incapable of swimming motions), first response to electrical stimulation, and flight 
behaviors were the primary outcomes of interest. The simulations were based on a hypothesized worst-
case scenario for preventing passage of the targeted fish through the barrier field: (1) encroaching fish 
were small, (2) encroaching fish were swimming at the surface of the CSSC, (3) fish penetrating the 
electric barrier continued upstream despite receiving electrical stimulus, (4) fish traversed the barrier at 
maximum swimming speeds, and (5) water velocity was zero or minimal. In the experiment on effects of 
water conductivity, the simulations were conducted at various levels of water conductivity (100 µS/cm 
to 4,000 µS/cm). In the experiment on water velocity, condition 5 was changed, as the simulations were 
conducted at three levels of water flow. 

The effectiveness of various combinations of pulsed DC field strength (FS; V/cm), pulse-frequency (PF; 
Hz), pulse-duration (PL; ms), and the electrical parameters characterizing of the waterborne electric field 
of Barrier IIA (referred to as operational protocols for brevity) for preventing passage of smaller carp 
were evaluated in two experiments. Outcomes showed that risk for failing to immobilize encroaching 
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fish was strongly influenced by the operational protocol applied in the simulations. The operational 
protocol FS: 0.79 V/cm, PF: 15 Hz, PL: 6.5 ms was demonstrated effective in the pilot study on small 
silver carp (137 to 280 mm total length). This protocol is presently being applied at Barrier IIA. Risk for 
failing to immobilize encroaching small bighead carp (51 – 76 mm total length) was significantly reduced 
by the operational protocol FS: 0.91 V/cm, PF: 30 Hz, PL: 2.5 ms, compared to the operational protocol 
presently being employed. Similarly, this protocol significantly reduced the risk for fish to successfully 
challenge and traverse the electric field in the experiment on volitional challenge of electric fields by 
small bighead carp. The outcomes on small bighead carp were achieved in water of 2,000 µS/cm 
ambient conductivity.  

The orientation of the field (direction of electric current flow) employed by the electric barriers can 
strongly influence the risk for failing to immobilize fish penetrating the field. Electrical exposure (and the 
likelihood of immobilization) is maximized when fish are oriented parallel with the direction of electric 
current flow and minimized when fish are perpendicular. The electric barriers in the CSSC employ cross-
channel electrodes, ensuring maximum exposure to fish swimming upstream, into the flow (water and 
electric current). Thus, the simulations of encroachment were conducted under a condition of no (or 
minimal) water current flow, allowing fish opportunities to minimize electrical exposure by turning 
perpendicular to the direction of current flow, to provide conservative estimates of risk for failing to 
immobilize fish.  

The size and distribution (shape) of the waterborne electric field generated by Barrier IIA is determined 
by the characteristics and placement of the electrodes and the electric energy applied. Measurements 
taken from the surface of the CSSC show the distribution of field strength of the Barrier IIA field as 
characterized by two lobes: a low-field (wider, downstream) and a high-field (narrower, upstream). The 
field strength applied in the simulations varied over time to mimic the field strength that a fish 
swimming through the electric field of Barrier IIA would experience, while swimming at the surface of 
the CSSC (fish would swim through a stationary field on the CSSC; the field was moved over the fish in 
the simulations). The patterns of field strength applied in the simulations reflected the size and shape of 
the in-water electrical signal generated by Barrier IIA, with rates of change (over time) in the field 
determined by fish swimming speed. Observations of fish behaviors and outcomes from the simulations 
indicate that even when operational protocols demonstrated effective in the experiment are applied 
(e.g., ultimate field strength: 0.91 V/cm; pulse-frequency: 30 Hz; pulse-duration: 2.5 ms) penetration of 
the low field of Barrier IIA by small bighead carp is likely. The sharply increasing voltage gradients on the 
rising side of the high field are expected to serve as the boundary for upstream penetration.  

Species differences in vulnerability to electrical stimulation were not experimentally evaluated in the 
present study. Significant differences in vulnerability to electrical stimulation, which in extreme cases 
can be manifested as electrical stimulus leading to immobilization in one species but flight in another, 
has been demonstrated between dissimilar fishes. Morphological and taxonomic differences between 
bighead carp and silver carp are relatively subtle. Thus, differences in response to electrical stimulation 
between these species are also expected to be subtle. Field study of electric barrier effectiveness on the 
CSSC has relied upon various fishes as surrogates for invasive Asian carp. Whether the vulnerability to 
electrical stimulation of these surrogates is similar to that of bighead carp or silver carp is not known. 
Determination of suitable surrogate fishes for invasive carps, followed by field study of electric barrier 
efficacy, using suitable surrogates or suite of surrogates, is strongly recommended.  

It is well established (in the context of capturing wild fish with electricity) that the reactions of fish to 
electrical exposure are often size dependent. The phenomenon of larger fish having lower thresholds of 
response to a given electric field than smaller fish is significant and attributed to bigger fish intercepting 
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a greater difference in electrical potential than smaller fish. Size-dependent response to electric 
stimulation was demonstrated in the present study despite the relatively small size and narrow range in 
sizes tested (bighead carp 51 – 76 mm total length were targeted). Risk for failing to immobilize fish 
encroaching upon the barrier field is dependent upon fish size. There is flexibility in operational protocol 
selection, based on minimum size of fish targeted. Operational protocols and electrical settings effective 
on small fish can be expected to be even more effective on larger fish.  

Fish behavior, as a risk factor, was addressed in the simulations of encroachment and in the experiment 
on volitional challenge of waterborne electric fields by small bighead carp (48 – 82 mm total length). Fish 
behavior was addressed in the simulations of encroachment by conducting the simulations with no (or 
minimal) water flow velocity. In the simulations, fish often utilized body-voltage minimizing behaviors. In 
the experiment on volitional challenge of waterborne electric fields, fish were able to avoid the electric 
field altogether. Fish were clearly able to discern the downstream-most margin of the field in the tests 
on volitional challenge, yet fish repeatedly swam into the field. In many instances, fish followed, or 
attempted to follow, others into the electric field. It was common for fish immobilized (stunned) during 
incursions into the field to again challenge the electric field upon righting (after being 
immobilized/stunned and washed out of the electric field by water current flow). In the experiment on 
volitional challenge of electric field, fish clearly did not avoid the electric field, but instead challenged 
the electric field repeatedly and after penetrating the field continued to swim upstream despite 
apparent distress. The behavior of the small bighead carp in the experiment support the condition in the 
simulations of fish continuing to swim into the barrier field despite electrical stimulation and indicate it 
prudent to maintain the barrier field in the CSSC at levels capable of immobilizing encroaching fish of the 
targeted size. 

The effects of swimming speed on risk for breach of the Barriers was not directly tested in the present 
study but was a consideration in the simulations of encroachment. The minimum duration of electrical 
exposure of fish swimming through the waterborne electric fields in the CSSC will be determined by how 
quickly (or slowly) fish swim through the field. Thus, the minimum duration of electrical exposures 
experienced by fish swimming through barrier field is determined by fish swimming speed coupled with 
size of the electric field, most simply under conditions of no flow. The scenario applied in the simulations 
was that fish encroached upon and swam through the electric field at maximum swimming speed. A 
swimming speed of 50 cm/s was assumed in the simulations of encroachment, which provided an 
exposure of 88 seconds. The 50 cm/s swim speed was assumed to be a worst case scenario, as the 50 
cm/s swimming speed is at the high-end in terms of swim speed estimates for 51 – 76 mm bighead carp. 
Milling behaviors and deceleration (fatigue) which might increase duration of exposure were not 
addressed in the simulations. Hence, cumulative electrical exposures in the simulations and estimates of 
risk for failing to immobilize encroaching fish may be conservative.  

The electrical conductivity of water in the CSSC (the ability of the water to conduct electricity) is 
important to barrier operation and efficiency through power demand on the systems and mismatch in 
conductivity between water and fish; when conductivity of water in the CSSC increases power demand 
increases and the efficiency of electric energy transfer from waterborne field to flesh of fish decreases. 
Water electrical conductivity (the inverse of electrical resistivity) is a measure of the net motion of the 
charged ions present. Measures of water conductivity are temperature dependent. Specific conductivity 
(conductivity adjusted to a temperature of 25 C̊), which reflects the ion content of water as thermal 
effects on the measure are removed, is typically reported. Ambient water conductivity (the water 
conductivity at the ambient temperature) more closely reflects electrical conductivity. Analysis of 
MWRDGC measures of specific water conductivity collected near the barriers October 1998 – April 2010, 
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provided mean specific conductivity of 981 (± 402) µS/cm and maximum values occurring December 
through March (3049 – 4697 µS/cm) demonstrating a seasonal fluctuation in ion concentration in the 
water of the CSSC. Estimates of water ambient conductivity collected at Lockport Lock and Dam (5 miles 
downstream of the barriers) ranged between 388 and 2551 (852 ± 261; 95% CI 843 – 862) µS/cm. Mean 
ambient conductivity varied significantly among months of the year. The seasonal fluctuation evident in 
measures of specific conductivity collected near the barriers was also evident in the estimates of 
ambient conductivity, but the extremes were greatly reduced. Fish effective conductivity (cf) was 
estimated to be 90 µS/cm via threshold power-density methodology, providing the means to estimate 
power requirements necessary to maintain barrier field efficiency, as water conductivity changes, after a 
standard for operation has been established. In simulations of encroachment (described above) 
conducted in water having ambient conductivity from 100 to 4,000 µS/cm, 80 – 100% of fish were 
immobilized with the operational protocol FS: 0.79 – 0.91 V/cm, PF: 30 Hz, PL: 2 ms. 

The effects that water flow has on risk for small bighead carp to successfully traverse barriers depend on 
the velocity of the flow. The motivation for fish to challenge the barrier field under conditions of no or 
very low water flow is uncertain, but this is a worst-case scenario for preventing breach, as fish 
penetrating the field can orient perpendicular to the direction of electric current flow (to reduce body-
voltage) without being swept back downstream by water currents. Positive rheotaxis (motivation for 
swimming upstream into water current flow) was absent in small bighead carp (51 – 76 mm total length) 
in water flowing at 3 cm/s, but was present at a velocity of 6 – 7 cm/s (48 – 82 mm fish) in the 
experiment on volitional behavior and at 7, 15, and 22 cm/s in the experiment on effects of water 
velocity. Thus, risk for small bighead carp to challenge the barrier field may be increased when water 
current velocity on the CSSC is ≥ ~7 cm/s. However, water velocity may reduce risk for fish penetrating 
the barrier field to breach of the barrier by forcing increased periods of alignment with the direction of 
electric current flow, through magnification of electroshock-induced reductions in swimming capability, 
and by effects associated with increased duration of electrical exposure. The influence that water 
velocity may have on risk for breach of Barrier IIA by small bighead carp (44 – 93 mm total length) was 
evaluated experimentally. The outcome of interest was whether fish maintained their position in the 
field during electrical exposures (indicating fish would not be swept back by water current flow during 
incursions into a barrier field in the CSSC). Risk for fish to maintain their position in the field (not be 
swept back) was inversely related to water velocity. Based on outcomes of the simulations, risk for 
breach of Barrier IIA is significantly reduced under conditions of flow velocity ≥ 15 cm/s compared when 
flow is ≤ 7 cm/s and was reduced further with water velocity ≥ 22 cm/s. Outcomes indicate that under 
conditions of increased flow, some parameters within the operational protocols could be reduced (e.g., 
pulse frequency, field strength) without loss of barrier efficiency, but additional research to develop and 
test relations between flow velocity and risk for breach of the barrier is necessary.  

The direction of water flow may be a concern on the CSSC, as there are occurrences of reverse flow and 
high velocity reverse flow could sweep fish into or through the barrier field. Examination of USGS 
discharge data for the CSSC (near Lamont, IL; daily values for a period of 5.5 years) provided an average 
daily water current velocity of ~22 cm/s, flow velocity exceeded 50 cm/s on 4% of the days, was ≥ 22 
cm/s on 37% of the days, ≥ 15 cm/s on 72% of the days, and ≥ 7 cm/s on 99% of the days. Examination 
of water current velocity measures (readings every minute, 3/1/2010 – 6/29/2010) showed there to be 
very little risk for fish to be swept into, or through, the barrier field by reversals of water flow on the 
CSSC; the incidence of reverse flow was rare (< 0.1%), with even lower incidence of reverse flow 
sufficient to induce positive rheotaxis (6 – 7 cm/s) or to influence the ability of fish to maintain position 
within the electric field.  
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Effects of water depth at the electric barriers were not directly tested in the present study. The 
significant influence of ultimate field strength on probability of immobilization demonstrated in the tests 
with operational protocols provides indirect evidence that barrier effectiveness will be influenced by 
changes in depth of the CSSC. The electric barriers in the CSSC employ bottom-mounted electrodes. The 
intensity of the field (field strength) increases with proximity to the electrodes, decreases with 
increasing distance. As water depth increases, the intensity of the barrier field at the surface of the CSSC 
will be reduced, requiring compensation of barrier output to maintain effectiveness.  

The effects of habitat were not directly tested in the present study. However, the outcomes and 
behaviors of small bighead carp during the experiment on volitional challenge of electric fields indicate 
that habitat, in the form of breaks, cracks, and crevices in the walls of the CSSC, could increase risk for 
fish to traverse the barrier field. Specifically, breaks, cracks, and crevices in the canal wall at the location 
of the high-field (of Barrier IIA) could provide fish penetrating the barrier field respite from water flow 
and exposure to electric current, providing opportunity for recovery. Evaluation of the suitability of 
breaks and crevices in the walls of the CSSC (in the barrier fields) to serve as refuges for small fish is 
recommended. 

The outcomes of the experiments, simulations, and analyses in this study provide the best information 
presently available regarding relative effectiveness of the various operational protocols for the electric 
barriers in the Chicago Sanitary and Ship Canal and the likelihood of immobilizing small bighead carp 
penetrating the field of Barrier IIA. The prognostic model (FS, PF, PL, L, PL*L) demonstrates the influence 
of the operational protocol (field strength, pulse-frequency, pulse-duration) being applied and the size 
(length) of fish encroaching upon the barrier field on the likelihood of immobilization. Water 
conductivity may influence barrier effectiveness at inducing passage-preventing behaviors in 
encroaching fish. However, risk for breach of the barriers was assessed in water of ~ 2,000 µS/cm 
ambient conductivity (the exception was the experiment on effects of water conductivity) a level 
exceeded in the CSSC only in winter months. A water flow velocity of 22 cm/s was shown to reduce risk 
significantly for small bighead carp to maintain position during exposure to barrier fields: the average 
daily water flow velocity of the CSSC. The operational protocol FS: 0.91 V/cm, PF: 30 Hz, PL: 2.5 ms was 
demonstrated effective in the simulations under conditions of 2,000 µS/cm and minimal flow. 
Experimentation in the CSSC is difficult, but is necessary for confirmation and verification of the 
outcomes of this study. Experimentation on the CSSC, in the barrier fields, using appropriate surrogate 
fishes, is recommended.  
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1 – Pilot Study on Operational Protocols for Induction of Passage-Preventing 
Behaviors in Small Silver Carp  

Summary.—A pilot study evaluating the effectiveness of various operational protocols [combinations of 
in-water field strength (V/cm), pulse-frequency (Hz), and pulse-duration (ms)] for electric barriers 
(specifically, Barrier IIA) operating on the Chicago Sanitary and Ship Canal was conducted in April 2009. A 
controlled experiment was conducted, where captured, wild small silver carp [137 to 280 mm (5.4 – 11.0 
inches) total length] were individually exposed to electrical treatments in a completely randomized 
experimental design. Fish were exposed to eight levels of field strength, each level greater than the last, 
exposure at each level lasting a period of 3 seconds. This approach provided “snapshots” of fish 
behavior at discrete points of the field of Barrier IIA. Immobilization of fish during the 24-second 
cumulative exposure was the primary outcome of interest. The effects of 10 operational protocols were 
evaluated. The operational protocol field strength: 0.79 V/cm, pulse-frequency: 15 Hz, pulse-duration: 
6.5 ms, was demonstrated the most effective of those operational protocols tested. The electric barriers 
on the Chicago Sanitary and Ship Canal are presently applying this operational protocol. 

Introduction 

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 
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. There is 
a potential threat of invasion of the Great Lakes by bighead carp and silver carp with the CSSC serving as 
a pathway. 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 from the CSSC approximately five river 
miles downstream from the electric barriers deployed on the CSSC to serve as an invasive species 
deterrence system (Illinois Department of Natural Resources 2009). 

 A series of electric barriers, which are operated by the US Army Corps of Engineers (USACE), have been 
deployed to prevent the transfer of aquatic nuisance species through the CSSC. The most upstream 
electric barrier, designated Barrier I, designed and developed by Smith-Root, Inc. (SRI; Vancouver, 
Washington) as a demonstration project, has been in operation since April 2002. The second barrier, 
designated Barrier IIA, also designed and developed by SRI, covers more area than Barrier I [the electric 
field covers the CSSC 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, began operation in 2009. 
Construction of a third barrier, designated Barrier IIB, designed and developed cooperatively by SRI and 
the USACE, is nearing completion, planned to become operational in the spring of 2011. 
 
The primary systems in electric barriers are the physical structure, the electrodes, and the power supply 
(Sternin et al. 1976). As power supplies have become more powerful and sophisticated, a monitoring-
control system has also become necessary in modern electric barriers. The physical structure typically 
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houses the electrical power systems, backup power supplies, and includes structures anchoring the 
electrodes. A collection of electrodes (an electrode array) provides the interface between the onshore 
electrical power system and the environmental water. Early electric barriers typically applied single- or 
three-phase alternating current (AC) to guide or block passage of fish. In the 1950s, pulsed direct current 
(pulsed DC) was found to be effective (Halsband 1967) and replaced or augmented the use of AC, 
sometimes to prevent or reduce fish mortality (McLain 1957; Hunn and Youngs 1980). Most early 
electric barriers employed vertical, hanging electrodes, but bottom-mounted cable-like electrodes have 
become more common (Hunn and Youngs 1980; Swink 1999). Positioning the cable-like electrodes 
cross-channel ensures maximum exposure to fish swimming upstream. The electric barriers operating 
on the CSSC employ pulsed DC and cross-channel, bottom-mounted electrode systems.  
 
Electric barriers function by incorporating environmental water into an electrical circuit composed of 
conductors (the submersed electrodes) and a source of electrical energy (the onshore power supply). In 
this circuit, environmental water (and local environment) acts as a path for electrical current flow and 
the “load” (resistance) for the circuit. When the circuit is closed and a difference in electrical potential 
[voltage (V)] is applied to the submersed electrodes, an electric field is created in the water by the flow 
of electric current. 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 environmental water to conduct electricity (that is, the conductivity of the water). 
The conductivity of the water is determined by ion concentration (the charge carriers) and temperature. 
Electromagnetic forces of attraction and repulsion, the local environment, and characteristics of the 
electrode array (electrode orientation, size, spacing) determine the distribution of electric current (the 
electric field) in the water. In general, the strength of the electric field increases with proximity to the 
electrodes in both the vertical and horizontal aspects.  

The voltage (amplitude), frequency, and duration of the DC pulses applied to the submersed electrodes 
can characterize the electric energy output by the onshore power supplies of the electric barriers on the 
CSSC. The characteristics of the pulsed DC applied to the electrodes, by the on-shore power supply, are 
directly reflected in the waterborne electric field. The strength of the waterborne electric field (i.e., field 
strength), measured as the voltage per unit distance [i.e., voltage gradient, volts/centimeter (V/cm)], is 
directly proportional to the voltage applied to the electrodes. The rate at which the waterborne electric 
field pulses [measured in cycles per second (Hz)] and the duration of each pulse [the pulse duration, 
measured in milliseconds (ms)], matches the pulses of the DC applied to the electrodes. The ratio of the 
pulse-duration to the period of the pulse (the period is the time required for one complete pulse cycle) 
is referred to as the duty cycle and is typically reported in percentage (%). The characteristics of the 
waterborne DC pulses are referred to as operational protocols in this report. 

Electric barriers are regarded as behavioral technologies that function by inducing avoidance and 
immobilization responses in fish to block passage or direct movement. There is a long history of electric 
barriers and electric screens usage in fisheries management (e.g., McMillan 1928), 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 CSSC. 

Initial evaluations of the effectiveness of Barrier I often employed adult common carp Cyprinus carpio. 
An Asian carp was only recently collected near the electric barriers; a single Asian carp was collected five 
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river miles downstream of the electric barriers during a rotenone event (Illinois Department of Natural 
Resources 2009). There are anecdotal observations from July 2002 of the upstream passage of adult 
common carp being thwarted, as numerous fish were observed maintaining position immediately 
downstream of the barrier (Sparks et al. 2004). Field evaluations on Barrier I effectiveness were 
conducted in 2002, 2003, and 2004, where the movement of acoustic- and radio-tagged common carp 
(Dettmers and Creque 2004; Sparks et al. 2004) released below the barrier were monitored. Of 115 fish 
implanted with transmitters, fixed receivers at the dispersal barrier located 97, while mobile tracking 
accounted for 111 fish. There was one known breach of the barrier by a tagged carp. On 3 April 2003, 
fixed radio receivers indicated a tagged 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 the fish might have been entrained by a commercial vessel traveling upstream and 
pulled through the electric field. The fish was later located 1.5 miles upstream of the barrier, believed 
dead. The incident demonstrated that commercial traffic in the CSSC may influence barrier efficiency 
and led to the development of corrective measures (Dettmers et al. 2005).  

In response to the breach by a tagged fish, the operational protocol (i.e., the electrical parameters 
characterizing the electric field) for Barrier 1 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 was increased 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.  

The relative effectiveness of various electrical parameters, in combination with acoustic-bubble barriers 
in some tests, at preventing passage of adult bighead carp and juvenile silver carp through an electric 
field was evaluated in a raceway experiment, initiated in 2001. In the study, passage of adult 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, by adult bighead carp, to traverse the field were thwarted. Large 
bighead carp were reported as very sensitive to electric fields (Dettmers and Pegg 2003). Juvenile silver 
carp, however, successfully breached the electric fields in the tests. Subsequent testing succeeded in 
preventing the passage of juvenile silver carp through the electric field, but the electrical parameters 
were reported as not within practical limits for use on the CSSC (Pegg and Chick 2003; Pegg and Chick 
2004).  

The difference in rate of passage through the electric field between the bighead carp and silver carp in 
the raceway experiments of Pegg and Chick (2004) was likely driven by the difference in size between 
the groups of fish used in the tests. The bighead carp used in the experiment were ≥ 600 mm in length 
(adults), while the silver carp were ≤ 150 mm (juveniles). 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 and Karmarker 1979; Edwards and Higgins 1973; Seidel and 
Klima 1974; Bird and Cowx 1993). The phenomenon of larger fish having lower thresholds of response to 
a given electric field than smaller fish is significant and has been attributed to bigger fish intercepting a 
greater potential difference than smaller fish (Halsband 1967). Maximum susceptibility to an electric 
field may occur at different pulse-frequencies, among fish species (Edwards and Higgins 1973; Bird and 
Cowx 1993). 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). Bighead carp and silver carp are morphologically and taxonomically similar enough to hybridize 
(Kolar et al. 2005). Differences in response to electrical stimulation between bighead carp and silver carp 
are expected to be subtle, but this hypothesis has not been tested. The breach of the electric field by 
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smaller silver carp in the raceway experiment of Pegg and Chick (2004), demonstrates the need for 
additional research on the effectiveness of the electric barriers on the CSSC specific to preventing 
passage of small fish. 

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

Methods 

A pilot study exploring the effectiveness of various electrical parameter combinations for preventing 
dispersal of small invasive carp through the electric barriers in the CSSC was conducted at the USACE, 
Environmental Laboratory, 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 by the EL-ERDC Fish Ecology Team, were used in the experiment. Fish were 
transported to the host facilities via hatchery vehicle, immediately after capture and prior to the outset 
of the experiment. Fish were held in closed, water-recirculating aquaculture systems (Figure 1 – 1) prior 
to use in the experiment. The EL-ERDC supplied fish, facilities, equipment and other critical logistic 
support for the study. 

Estimations of output capabilities of Barrier IIA [in-water field strength (V/cm), pulse-duration 
[milliseconds (ms)], and pulse-frequency (Hz)] were needed to ensure that operational protocols 
evaluated in the experiment were feasible. 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 when generating in-water field strengths from 0.2 to 1.5 volts/cm (in increments of 0.04 
V/cm) at pulse frequencies from 0.1 to 40 Hz (in increments of 0.1 Hz). Constraints included a maximum 
acceptable voltage “droop” on the pulses, a maximum peak electrical output of 1.5 megawatts, and 
maintenance of appropriate levels of electrical current and charging times for system capacitor banks. 
The estimates were developed using the electrical load equivalent to that on the CSSC when water 
conductivity is 2000 µS/cm. Operational protocols evaluated in the experiment were selected from the 
simulation outcome. Barrier output to achieve field strengths greater than 1.5 V/(cm) exceeds the 
theoretical capabilities of various electrical components in the system; 1.5 V/cm ultimate field strength 
was regarded as the upper limit for Barrier IIA. 

Fish were exposed to electrical treatments in a 213 cm x 61 cm x 56 cm fiberglass tank outfitted with 
identical stainless steel 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 – 2), 
thus, generating a homogeneous electric field (Holliman and Reynolds 2002).  
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Figure 1 – 1. Closed water-recirculating systems. Captured small silver carp were held in closed water-
recirculating systems during the pilot study on operating protocols for electric barriers on the Chicago 
Sanitary Ship Canal. The pilot study was conducted at the USACE, Aquatic Ecosystem Research 
Development Center, Environmental Laboratory, Engineer Research Development Center (EL-ERDC), 
Vicksburg, Mississippi. The experiment was conducted 20-24 April 2009.  
 

 

Figure 1 – 2. Exposure tank. Small silver carp were exposed to electrical treatments in a 530 liter (l) 
dielectric tank in the pilot study on operational protocols for electric barriers on the Chicago Sanitary 
and Ship Canal. Flat, perforated, stainless steel electrodes (insert) 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 experiment was conducted at the USACE, ERDC-EL, 
Vicksburg, Mississippi 20-24 April 2009. 
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Cloth netting stretched tautly over a rectangular frame of PVC pipe, fitted to the internal dimensions of 
the tank and inserted into the tank, prevented fish from incurring physical injury through contact with 
the tank walls and electrodes during the electrical exposures. Sheets of clear Plexiglass affixed to the top 
of the PVC pipe frame prevented fish from leaping from the tank during the electrical exposures, while 
allowing visual observation of fish behavioral responses (Figure 1 – 3). 
 
A 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 – 4). 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 amplitude of the electrical output. The duration and frequency of 
the DC pulses applied to the tank electrodes, which were directly reflected in the waterborne electric 
field, and the duration of the exposures (3 seconds), were programmed into the BP-1.5 POW with 
customized Fish Barrier Technology Control Software (Smith-Root, Inc., Vancouver, Washington). A 
calibrated, digital oscilloscope, electrically connected to the electrodes, was used to confirm the 
parameters defining the experimental treatments (Figure 1 – 4). 

Electrical treatments were administered to fish individually (one at a time). The treatments were applied 
as a series of eight exposures to pulsed DC, each lasting 3 seconds, characterized by combinations of 
voltage, pulse-frequency, and pulse-duration. Voltage increased with each exposure. The 3 s electrical 
exposures were interrupted by 2 – 3 s of no electrical exposure, the time required to adjust (increase) 
the applied voltage. The cumulative electrical exposure period was 24 seconds. In some cases, field 
strengths were applied that exceeded the output capabilities of Barrier IIA to provide valuable data 
should output within the capabilities of the system have proven ineffective for immobilizing small silver 
carp. 

Fish behavior was monitored during and after each electrical exposure. The series of electrical exposures 
comprising a treatment were terminated if the fish being tested became incapacitated (i.e., 
immobilized; indicated by tetany, loss of equilibrium, cessation of swimming movements). Ambient 
water conductivity in the test tank was 687 to 765 µS/cm during the tests. Water temperature was 21.1 
– 23.3 (21.4 ± 0.7) °C. Fish response was reported as cumulative percentage (%) of fish within each 
experimental group incapacitated (immobilized) at each of the levels of field strength applied in the 
treatments. 
 

Results 

Electrical treatment selection was based on the simulation of Barrier IIA output capabilities (Figure 1 – 
5). In general, inverse relations were demonstrated between the maximums of pulse-duration, pulse-
frequency, and field strength that can be sustained by the Barrier IIA power system. Hence, the range of 
field strengths applied in each treatment was determined by the pulse-duration and frequency 
combination. 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-frequencies applied in the electrical 
treatments equaled or exceeded the 5 Hz pulse rate being output by Barrier IIA at the time of the 
experiment (Table 1 – 1).  
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Figure 1 – 3. Protective netting, frame, 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 USACE, ERDC-EL, 
Vicksburg, Mississippi 20-24 April 2009. 

 

 

 

 

Figure 1 – 4. Power supply for the exposure tank. A. A customized Barrier Pulsator (BP-1.5 POW; 
Smith-Root, Inc.) was used as the power supply for the exposure tank. B. A digital oscilloscope was 
used to measure the electrical output of the system. The DC pulse-duration and frequency and the 
exposure period were programmed into the BP-1.5 POW using custom Fish Barrier Technology 
Control Software. 
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Figure 1 – 5. Barrier IIA output capabilities. Contours of 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), is shown . The estimated output capabilities of Barrier IIA were used to guide selection of electrical 
treatments applied in the pilot experiment on small silver carp conducted at the USACE, ERDC-EL, 
Vicksburg, Mississippi 20-24 April 2009. 

 

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 – 6). Cumulative percentage of fish stunned during the 
electrical exposures varied markedly among the treatments (Figure 1 – 7).  

Electrical treatments employing DC pulses of 4.8 milliseconds, 8.9 milliseconds, and 13.8 milliseconds 
duration at a frequency of 5 Hz and field strengths of 0.4 – 1.9 V/cm, 0.3-1.4 V/cm, 0.2-0.9 V/cm 
(respectively) stunned 38%, 63%, and 25% of fish exposed, respectively. Of the four electrical treatments 
utilizing 10-Hz pulses of DC (2.4 milliseconds duration, 0.4 – 1.9 V/cm; 4.3 milliseconds duration, 0.3 – 
1.4 V/cm; 9.8 milliseconds duration, 0.2 – 0.9 V/cm; and, 24 milliseconds duration, 0.2 – 0.5 V/cm), only 
the 2.4 millisecond pulses at a frequency of 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 – 5 and 1 – 7). All of the fish (100%) in 
each of the treatments utilizing DC pulses of 15 Hz (1.6 milliseconds duration, 0.4 – 1.9 V/cm;  
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Table 1 – 1. Operational protocols tested in the pilot study on silver carp. The operational protocols 
[combinations of DC pulse-duration (ms), pulse-frequency (Hz), and in-water field strength (volts/cm)] 
evaluated in the pilot study on small silver carp. Individual fish were exposed to incrementally increasing 
pulsed DC electric fields at eight levels of field strength. Each exposure lasted 3 seconds, for a cumulative 
exposure of 24 seconds. The tests were conducted at the USACE, Environmental Laboratory, Engineer 
Research Development Center, Vicksburg, Mississippi April 20 – 24, 2009.  

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

Voltage gradient (volts/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 

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 
 

 

Figure 1 – 6. Length-frequency histogram. Histogram of total length (mm) of silver carp used in the pilot 
study evaluating operational protocols for electric barriers operating on the Chicago Sanitary and Ship 
Canal. The tests were conducted at the USACE, EL-ERDC, Vicksburg, Mississippi April 20 – 24, 2009. 
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Figure 1 – 7. Cumulative percent of silver carp immobilized. The cumulative percent (%) of silver carp 
immobilized during electrical exposures, as a function of field strength (V/cm), during the pilot 
experiment conducted at the ERDC-EL 20-24 April 2009. Data from 80 fish are represented, eight fish per 
treatment group. Fish were exposed to treatments individually in a completely randomized 
experimental design. 
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2.9 milliseconds duration, 0.3-1.4 V/cm; 6.5 milliseconds duration, 0.2 – 0.9 V/cm) were stunned at field 
strengths within the output capabilities of Barrier IIA (Figures 1 – 5 and 1 – 7). All fish exposed to 24 ms 
pulse-duration at a 10 Hz frequency (the treatment applying the lowest field strengths of those tested) 
exhibited escape or avoidance behaviors when exposed at 0.15 V/cm, but no response or twitch was 
induced in 63% of those exposed to 0.12 V/cm (the lowest level applied). This could indicate a field 
strength threshold for an escape/avoidance response. Vigorous flight behaviors were demonstrated by 
all fish exposed to the lowest levels of field strengths applied at the other pulse-duration and frequency 
combinations, including the most effective treatments. 

Discussion 

Published studies directly testing the effectiveness of various electrical parameters for preventing fish 
passage are sparse. Considerable effort and resources have, however, been expended in scientific 
investigations to delineate relations between electrical exposures and behaviors induced in fish, in the 
context of electrofishing. 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. The duration of the electrical exposure may also prove 
influential in preventing passage of invasive fishes, as it may influences the types and depths of 
behaviors induced in fish (Sternin et al. 1976). 

Knowledge of the breadth of output capabilities of Electric Barrier IIA was needed to ensure that the 
electrical conditions simulated in the experiment were applicable to operations on the CSSC. Concerns 
for human and equipment safety 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 systems. The 
electrical treatments applied in the experiment typically employed combinations of pulse-duration, 
pulse-frequency, and field strength estimated to be within the output capabilities of Barriers IIA. In 
some treatments, however, the maximum field strength of the system was exceeded to provide valuable 
information should the electrical parameter combinations falling within the estimated system 
capabilities prove ineffective at immobilizing small 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 eight 3-second exposures to pulsed DC characterized by combinations of pulse-duration, pulse-
frequency, and field strength. Field strength was incrementally increased for each exposure in the 
treatments, with the 3-second exposures interrupted by 2 – 3 seconds of no electrical exposure. The 
application of increasing field strength in the sequence of exposures characterizing a treatment and the 
cessation of the electrical exposure to adjust output were constraints imposed by the power supply 
used in the electrical exposures. This approach 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 
swimming upstream at the surface of the CSSC. The various pulse-durations and frequencies represent 
the electric barriers operating under differing protocols. Field strength increased with each of the 
electrical exposures, and the exposures were terminated after exposure to the maximum field strength. 
The exposures simulate penetration into the aspects of the barrier field that is increasing in relative field 
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strength. Because electrical exposure was not continuous in the treatments, the responses of fish at 
each exposure are best interpreted as “snap-shots” of behavior at various points of intensity within the 
electric field of Barrier IIA, with the last exposure occurring at the maximum field strength (33 meters 
into the field).  

The maximum cumulative period of electrical exposure was 24 seconds in the treatments. The estimated 
maximum economic swim speed for silver carp reported by Konagaya and Cai (1987) was < 200 cm/s. 
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 – 1). Calibration of the 24 second exposure period 
with penetration of the electric field to 33 meters, the maximum field intensity, provides a swimming 
speed of ~ 138 cm/s. Tests on swimming capabilities of fish from the cohort used in the present study, 
conducted after completion of the pilot study, provided maximum swim speeds of fish from the cohort ~ 
140 cm/s (personal communication, Dr. Jan Hoover, USACE, Environmental Laboratory, Engineer 
Research Development Center, Vicksburg, Mississippi). Unlike the exposure to fish penetrating the 
barrier field on the CSSC, the electrical exposures in the experiment were interrupted. Because the 
interruptions provided fish opportunities to recover, it is hypothesized that the estimates of 
effectiveness are conservative.  

Stewart (1990a) reported that fish penetrating an electric field might 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 targeted. 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 the 
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 are 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 CSSC, 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 
would 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 flight-escape responses at 
0.16 V/cm. Simulations of the electric field of Barrier IIA demonstrate this level of field strength occurs 
at the CSSCl surface approximately 6.1 meters downstream of the most downstream “low-field” 
electrode array when 600 V were 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 
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would experience electrical stimulation of a magnitude capable of inducing a behavioral response. 
Whether this stimulation would induce avoidance (flight) behaviors with fish fleeing the field is not 
known. Based on outcomes in the experiment, if Barrier IIA was generating DC pulses of 6.5 ms duration 
at 15 Hz, the field strength in the “high-field” would be inadequate to stun 185 mm silver carp were they 
to pass through the “low-field” and continue upstream, unless the voltage applied to the “high-field” 
electrode arrays was increased significantly. (Electric field simulations are presented in Figure 2 – 1).  

In August 2009, the USACE increased the electrical output of Barrier IIA to achieve a field strength of 
0.79 V/cm in the high-field, a pulse-frequency of 15 Hz, and a pulse-duration of 6.5 ms, an operational 
protocol demonstrated effective for inducing passage-preventing behaviors in small silver carp, in the 
present study. The increase in operational parameters was necessary as the results of the present study 
indicated that silver carp within the size range tested [137 to 280 (average ± SD; 195 ± 35) mm total 
length] could have successfully traversed the width of the electrified zone of Barrier IIA, as operated in 
the spring of 2009 (0.4 V/cm ultimate field strength-5 Hz pulse-frequency-4 ms pulse-duration). Pulse 
frequencies of 15 Hz were shown necessary to stun small silver carp, within the ranges of pulse-duration 
and field strength tested in the present study. Outcomes of the experiment demonstrate there is some 
latitude in the selection of operational protocols, as several combinations of electrical parameters were 
shown capable of blocking the passage of small silver carp through the electric barriers. In the 
treatments applying pulses of DC at 15 Hz, the field strength required to incapacitate all 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 versus 0.98 V/cm, 2.9 ms versus 1.18 
V/cm, 1.6 ms) at 15 Hz. The operational protocol of 0.79 V/cm ultimate field strength, 15 Hz pulse-
frequency, and 6.5 ms pulse-duration is presently employed at Barrier IIA. 
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2 – Evaluation of Operational Protocols for Induction of Passage-Preventing 
Behaviors in Small Bighead Carp 

Summary.—The effectiveness of various operational protocols [combinations of pulsed DC field strength 
(V/cm), pulse-frequency (Hz), pulse-duration (ms)] to immobilize encroaching small [51 – 76 mm (2.0 – 
3.0 inches) total length] bighead carp Hypophthalmichthys nobilis was evaluated in a controlled 
experiment conducted September – December 2009. Simulations of encroachment into the field of 
Barrier IIA on the Chicago Sanitary and Ship Canal (CSSC) 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 CSSC, (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 maximum swimming speeds. The field strength applied in the electrical 
treatments varied over time to mimic that experienced by fish swimming through the electric field of 
Barrier IIA at a constant rate of 50 cm/s, at the surface of the CSSC. Small bighead carp were individually 
exposed to electrical treatments in completely randomized experimental designs, 20 fish per 
experimental cell. A total of 500 fish were used in the screening trial used to determine a set of 
promising operational protocols. A total of 400 fish were used in an experiment focusing on promising 
operational protocols and prognostic modeling of probability of immobilization. Outcomes in the 
present study support the hypothesis that the characteristics of the waterborne electric field influence 
probability of immobilization of encroaching small bighead carp, supporting facets of the conceptual risk 
model for barrier effectiveness. A multivariable relationship was demonstrated (between field strength, 
pulse-frequency, pulse-duration, fish length, and the interaction between pulse-duration and fish length, 
and the probability of immobilization) in the prognostic model. Outcomes of the present study provide 
the best information available regarding the likelihood of immobilizing small bighead carp encroaching 
upon Electric Barrier IIA and the relative effectiveness of various operational protocols. Several of the 
operational protocols tested reduced risk for failing to immobilize encroaching small bighead carp 
compared to the protocol presently used by the barriers on the CSSC. Risk was significantly reduced with 
pulse-frequency of 30 Hz when applied at ultimate field strength of 0.91 V/cm and pulse-durations of 
2.5 ms. Outcomes and observations indicate the extent to which fish penetrate barrier fields on the 
CSSC will be inversely related to fish length, with large (adult) fish deterred from penetration at the 
downstream edge. Penetration of the low field of Barrier IIA by small bighead carp challenging the 
barrier 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 will serve as the boundary for 
upstream penetration by small fish, when operational protocols demonstrated effective in the 
experiment (e.g., ultimate field strength: 0.91 V/cm; pulse-frequency: 30 Hz; pulse-duration: 2.5 ms) are 
applied. The prognostic model (FS, PF, PL, L, PL*L) developed from the simulations provides the best 
information available regarding the likelihood of immobilizing 51 – 76 mm bighead carp encroaching 
upon Electric Barrier IIA. It must be emphasized, however, that the outcomes are based on electrical 
exposures conducted under controlled conditions (simulations) and should be verified through field 
study.  
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Introduction 

Bighead carp Hypophthalmichthys nobilis and silver carp H. molitrix are nuisance invaders of the 
Mississippi River System and potential invaders of the Great Lakes. Bighead carp and silver have 
established reproducing populations in the Mississippi River System and their lifecycle includes 
prespawn upstream migrations (Kolar et al. 2005). Large populations of bighead carp are present in the 
Illinois River, downstream from the CSSC (Stainbrook et al. 2005). A 21 7/8” bighead carp was recently 
collected from the Chicago Sanitary and Ship Canal (CSSC), approximately five river miles downstream of 
the electric barriers, during a rotenone event (Illinois Department of Natural Resources 2009) confirming 
the presence of invasive carp in the CSSC. 

The US Army Corps of Engineers (USACE), Chicago District operates a series of electric barriers 
(designated Barrier I, Barrier IIA, Barrier IIB is nearing completion) on the CSSC to thwart upstream 
dispersal of invasive carp though the waterway. Barriers I and IIA (and soon Barrier IIB) generate 
localized waterborne electric fields to act as barriers, to prevent passage of invasive fishes through the 
CSSC. The electric barriers were designed and developed by Smith-Root, Inc. (Vancouver, Washington). 
The waterborne electric fields are generated when an electric circuit composed of an electrical power 
supply (on-shore), submersed conductors (electrodes), and environmental water, is closed. The 
characteristics of the pulsed direct current (pulsed DC) generated by the on-shore power supply, which 
is applied to the electrodes, is directly reflected in the waterborne electric field. 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 electric barriers operating in the CSSC employ cross-channel, bottom-mounted 
electrode systems to ensure that fish swimming upstream are exposed to maximum field strengths.  

Electric barriers are regarded as behavioral technologies that function by inducing avoidance and/or 
immobilization responses in fish to block passage or direct movement. Although there is a long history 
of electric barriers and electric screen usage in fisheries management (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, have been topics 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 and Karmarker 1979; Edwards and Higgins 1973; Seidel and Klima 1974; Bird and Cowx 
1993; Holliman 1998). Maximum susceptibility to electrical exposure often occurs at different 
frequencies of pulsed DC, among species (Edwards and Higgins 1973; Bird and Cowx 1993). These 
differences in vulnerability among species can be manifested in extreme cases 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 smaller fish. This size selectivity has been attributed to bigger fish intercepting a greater 
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potential difference than smaller fish. According to Lamarque (1967) and Halsband (1967), fish reactions 
are dependent upon voltage drop per unit length of fish. Preliminary experimentation with small silver 
carp demonstrated that field strength, pulse-frequency, and pulse-duration influences effectiveness at 
inducing passage-preventing behaviors in these fish (Holliman, this report). 

Hartley and Simpson (1967) and Stewart (1990a) provide general guidance for successful barrier design 
and operation. Hartley and Simpson (1967) suggest that graduated electric fields are necessary for 
electric barriers to be successful. With a graduated barrier field, fish challenging the field are exposed to 
increasingly unpleasant stimuli as they penetrate further 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 the field, or penetrate too deeply, 
between pulses. Furthermore, a graduated electric field allows fish to penetrate to the extent that they 
are able, with larger fish stopping at an earlier stage than smaller fish (i.e., size selection). The ultimate 
field strength should be adequate to stop the smallest fish targeted (Hartley and Simpson 1967). 

Stewart (1990a) and Zhong (1990) suggest that knowledge of the behavior of the fish species being 
managed is vital for successful application of electric barriers, 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, making 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 in his tests 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, prior to implementation of the operational protocol effective 
for small silver carp (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 indicated Barrier I to block upstream movement 
of large fish (e.g., common carp Cyprinus carpio) effectively (Sparks et al. 2004, Dettmers and Creque 
2004). Barrier IIA has a larger electric field and greater output capabilities than Barrier I; it is expected 
that Barrier IIA will be at least as effective as Barrier I.  

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  
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 Figure 2 – 1. Simulation of the electric field of Barrier IIA. A. Representation of the electric field of 
Barrier IIA (in profile) generated via Finite Element Analysis. Barrier IIA employs two independent 
electrode arrays for generation of a “low-field” (left, downstream) and a “high-field” (right, upstream). 
The field of Barrier IIA, prior to implementation of the operation protocol effective for small silver carp 
in August 2009, is shown. In the simulation, 600 V was applied to the low-field array and 800 V to the 
high-field array to provide~ 0.4 V/cm at the surface of the high field. B. Contour plot showing various 
equipotential lines (volts/cm) in the electric field of Barrier IIA extracted from the simulation (A). 
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effective operational protocols for electric barriers on the CSSC demonstrated several operational 
protocols effective for immobilizing small 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). 

To my knowledge, there are no other accounts describing of effects of various electrical parameters on 
smaller silver carp or bighead carp. 

The objective in this phase of the project was to determine the characteristics of waterborne pulsed DC 
barrier fields, for electric barriers on the CSSC, effective for inducing passage-preventing behaviors in 
small bighead carp. As with most pioneering research, the protocols in the present study integrated 
components of accepted scientific methods, with experimental treatment selection guided by initial and 
subsequent findings. This work was accomplished in a controlled environment, where in-water electrical 
conditions associated with the electrified zones 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 more focused evaluation. 

The basic experimental protocols employed in the pilot study were sufficient. The simulations of the 
electric fields (electrical exposures) in the pilot experiment were “state of the art”, but relatively crude. 
Refinement of the simulation of the barrier fields was desired to improve translation of observations 
and inference of results from the laboratory environment to the Canal. Hence, a more sophisticated 
electric field simulation system was developed in the interval between pilot study and the present study. 
The new electric field simulation system provided a continuous pulsed DC signal that could be varied 
(increased or decreased) in intensity and was programmable to ensure repeatability. The experimental 
approach coupled with the electric field simulations applied in the present study represent significant 
progress in the “state of the art” for research on electroshock-induced effects in fish, improving data 
quality and the 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 Breach of the Electric Barriers was devised. The Model, which is based on technical, 
biological, and environmental factors hypothesized to influence risk for breach, 

Technical factors Biological factors Environmental factors 
   Pulsed DC field strength      Fish species     Water conductivity 
   Pulsed DC pulse-frequency 
   Pulsed DC pulse-duration 
   Field orientation 
         (direction of electric current flow) 

        Fish size 
        Behavior 

     Swimming speed 
         (duration of exposure) 

 Water velocity 
 Water depth 

    Habitat, 

   Field size   
   Field distribution (shape)   

 

was devised to facilitate understanding of the electric barriers, to aid development of hypotheses for 
testing, and to provide a conceptual framework for the research. Simulations of encroachment into the 
barrier field of Barrier IIA were developed, which were based on the hypothesized worst-case scenario 
for preventing passage of the targeted fish through the barrier field: (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) fish traversed the barrier at maximum 
swimming speeds, and (5) water velocity was zero or minimal.  
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A reliable source of fish was critical for study success, as availability of wild silver carp and bighead carp 
in the size range targeted would be unpredictable. Pond-culture of bighead carp was arranged by the 
USACE, Environmental Laboratory, Engineer Research Development Center (EL-ERDC), Fish Ecology 
Team to insure sufficient quantities of small bighead carp were available for experimentation. This study 
was a continuation of collaborative efforts between the USACE, Chicago District, the EL-ERDC, Vicksburg, 
Mississippi, and Smith-Root, Inc. (SRI), Vancouver, Washington.  

Methods 

A series of experiments evaluating 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, pulse-
frequency, and pulse-duration (Figure 2 – 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 used with a pulse-frequency and ultimate field strength combination was the 
estimated maximum for that combination (Figure 2 – 2). The field strength, pulse-frequency, and pulse-
duration tested in combination are referred to as an operational protocol for brevity. 

A screening trial consisting of five experiments was conducted to establish operation and performance 
of the electric field simulation system and ranges of electrical parameter combinations potentially 
effective for inducing passage-preventing behaviors in small bighead carp. Operational protocols 
employing pulse-frequencies of 10, 15, 20, 25, and 30 Hz were evaluated in each of the screening 
experiments. The ultimate field strength applied in the operational protocols was varied among the five 
experiments (0.79, 0.91, 1.02, 1.14, 1.5 V/cm), but was constant within each experiment. Percent (%) 
duty cycle, calculated as  % 𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 = 100% 𝑥 (𝑝𝑢𝑙𝑠𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑇)⁄ , where T was the period of one 
cycle of the pulse (ms), was also constant within each experiment, but varied among the experiments. 
The pulse-duration (ms) applied in the operational protocols was varied to attain the appropriate % duty 
cycle. There was an inverse relation in the pairings of ultimate field strength with % duty cycle applied in 
the operational protocols, applied in the experiments (0.79 V/cm – 8% duty cycle; 0.91 V/cm – 6.0% 
duty cycle; 1.02 V/cm – 5% duty cycle; 1.14 V/cm – 4% duty cycle; 1.5 V/cm – 2% duty cycle). 

Based on observations and outcomes in the screening trial, eighteen promising operational protocols 
were selected for evaluation and predictive modeling. 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 of 4%, 5%, 6%, or 8%) was employed in the experiment. A null treatment, where 
fish were subjected to experiment protocols and procedures with the exception of electrical exposure, 
was also included in the experiment.  

At the conclusion of data collection in the factorial experiment, an additional four simulations were 
conducted applying the operational protocol shown effective for immobilizing silver carp in the pilot 
study (ultimate field strength of 0.79 V/cm and pulse-frequency of 15 Hz and pulse-duration of 6.5 ms). 
These last four simulations served as a precursor for experimentation on effects of water velocity on risk 
for breach of the barriers and as a baseline for comparison with outcomes from the factorial 
experiment. These simulations were conducted using groups of fish (five fish). Water velocity was 
maintained at 3 cm/s (N = 1), 5 cm/s (N = 1), or 10 cm/s (N = 2). The outcomes of these simulations were  
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Figure 2 – 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 small bighead carp 
conducted at the ERDC-EL, Vicksburg, Mississippi September – December 2009. 

 

pooled and employed post hoc as a baseline for statistical comparisons of risk with outcomes from the 
factorial experiment.  

All simulations were conducted with naïve fish. The simulations were conducted on individual fish; the 
exception was simulations serving as the baseline for statistical comparison of risk, where fish were 
tested in groups of five fish. The screening experiments and the experiment with promising operational 
protocols were conducted using completely randomized experimental designs, the exception being the 
four simulations at the conclusion of the experiment on promising operational protocols, described 
above. 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 in each of the five experiments in the screening trial, a 
total of 500 fish. A total of 400 fish were used in the experiment focused on promising operational 
protocols, as there was total of 20 experimental groups in this experiment, 18 in the factorial 
experiment, one control group and one group designated as the baseline for statistical reference. 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 the vertebral column (for hemorrhage) after bilateral 
filleting of fish. Measures of total length (mm) and weight (g) were collected  
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Figure 2 – 3. Exposure tank for the experiments in the screening trial. Experiments in the screening trial 
were conducted in a 168 cm x 42 cm rectangular fiberglass tank (water depth was 40 cm). 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 USACE, EL–ERDC, Vicksburg, MS, 3 September to 
30 December 2009. 

 
on all fish. All fish were killed by immersion in an overdose solution of MS-222 immediately after 
completion of the experimental treatment or period of monitoring. 

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 – 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 19.9 to 22.1 (20.4 ± 
0.5) °C. There was no water current flow in the tank during the screening experiments. Two video 
recorders were mounted above the tank to record fish responses during the electrical exposures. 

Simulations with the set of promising operational protocols were conducted in the rectangular section 
of a Brett Swim Tunnel (Figure 2 – 4) to improve visual observation of fish responses and the quality of 
video recordings over that with the opaque fiberglass tank used in the screening experiment. Two video 
cameras were directed at the side of the tank to record fish response during the simulations of 
encroachment into the barrier field. The rectangular section of the swim tunnel was outfitted with two 
perforated stainless steel plate electrodes, that were positioned parallel, extended above the water 
surface, and were separated by 152.4 cm (Figure 2 – 4). The rectangular section of the swim tunnel was  
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Figure 2 – 4. Brett swim tunnel. A. Schematic diagram of the Brett Swim Tunnel employed in the 
simulations of encroachment by small bighead carp. The simulations were conducted with water flowing 
at very low velocity (3 cm/s). Pulsed DC was applied to the plate electrodes in a fashion that simulated 
exposure to fish encroaching upon the electric field of Barrier IIA on the CSSC. B. The Brett Swim Tunnel 
used in the experiment which was conducted at the USACE, EL–ERDC, Vicksburg, Mississippi, 3 
September to 30 December 2009. 
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57.5 cm wide and filled with water to a depth of 52.1 cm. The ambient conductivity of water in the swim 
tunnel was maintained between 1913 and 2040 (1996 ± 36) µS/cm. Water temperature was between 
19.0 and 20.8° C. The swim tunnel allowed fine control of water flow velocity (through a variable speed 
motor connected to a propeller) and velocity was maintained at 3 cm/s to aid in detection of 
immobilization in fish (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 water flow (and electric current flow), compared to a flow rate of 0 
cm/s. However, fish were not motivated to swim consistently into the flow and body-voltage minimizing 
behaviors were possible for extended periods. No differences are expected in the outcomes of the 
experiment compared to if the simulations had been conducted with water velocity at 0 cm/s. 

The field strength applied in the simulations of encroachment into the barrier field was based on in-
water voltage measurements taken from the surface of the Chicago Sanitary and Ship Canal at Barrier 
IIA by the USACE, Engineer Research and Development Center, Construction Engineering Research 
Laboratory, Champaign, Illinois. In the simulations, the strength of the electric field was varied over time 
to mimic the electrical exposure that fish traversing the electrified zone of Electric Barrier IIA would 
experience, when swimming at the surface of the Canal (Figure 2 – 5). The two distinct lobes 
characterizing the electric field of Barrier IIA, the “low field” (downstream) and the “high field” 
upstream were represented in the exposures. The maximum field strength of the high field, referred to 
as the “ultimate field strength”, was varied depending on the treatment and experiment. 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 minimum estimate of time required for 51 – 76 mm bighead carp to traverse the ~ 44 meter electric 
barrier under the conditions of no water current flow. Maximum sustained swimming speeds of small 
bighead carp of the targeted size 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 this 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, USACE , Environmental Laboratory – 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 – 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  
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Figure 2 – 5. Electric fields applied in the simulations. (A) Electric field strength was varied with time 
(seconds) in the simulations of encroachment into the field of Barrier IIA by small bighead carp, in the 
screening trial and the experiment for predictive modeling. (B) The strength of the electric field applied 
in the simulations in relation to distance (meters) on the Canal. The simulations of encroachment 
mimicked exposure to fish swimming through the electric field of Barrier IIA at a constant rate of 50 
cm/s, at the surface of the Chicago Sanitary Ship Canal. Patterns of field strength associated with the 
low-field (downstream, left) was constant among the operational protocols. The ultimate field strength 
applied [peak of the high field (upstream, right] varied according to the operational prototol. 

B 
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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 recorded 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 at 
threshold response (rounded to the nearest second) and were extracted from the patterns of field 
strength applied in the simulations (Figure 2 – 5). Threshold power density (𝐷𝑎) was estimated with 
𝐷𝑎 =  𝐸2  ×  𝑐𝑤, where E was the threshold voltage gradient (V/cm) and 𝑐𝑤  was the ambient conductivity 
of tank water (µS/cm; Kolz 1989). Threshold cumulative exposure for the targeted responses was 
estimated as the sum of (𝐷𝑎) from the start of the exposure to the onset of the response of interest. 

Data analysis.—The 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 for 
prognostic modeling were summarized with means, standard deviations (SD), and 95% confidence 
intervals. Data were rank (average rank) transformed if the distribution was 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 Forsythe 1974; SAS 2008). Welch’s ANOVA was employed when 
there was statistical evidence that the variance differed among the groups of interest. Tukey’s Honestly 
Significant Difference test was used in post hoc pair-wise comparisons when evidence of unequal means 
was provided by ANOVA (SAS 2008).  

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 simulations. The 
hypothesis of equality of proportions in contingency table margins, among levels of field strength, pulse-
frequency, and pulse-duration, was evaluated using the Pearson Chi-Square Test.  

In the experiment for predictive modeling, the relative risk (RR), the ratio of the proportions being 
compared, was used to estimate risk (probability) for failing to immobilize fish with 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 a increase in risk of failing to immobilize fish 
(an undesired effect in this case). An RR less than 1.0 indicated a reduction in the risk for failing to 
immobilize fish. If RR = 1.0 or if 1.0 was within the bounds of the confidence interval, there was no 
difference in risk of failing to immobilize fish between the operational protocols being compared.  

Field strength (FS), pulse-frequency (PF), pulse-duration [abbreviated as PL, (pulse-length) to prevent 
any confusion with power density (PD)], and fish total length (L) were treated as candidate predictors of 
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immobilization in small bighead carp. Logistic regression was employed to evaluate candidate predictive 
models developed from the potentially predictive factors. Univariate models (FS; PF; L) and the FS, PF 
model were applied to the data from the screening trial (PL was confounded with FS in the screening 
trial and not evaluated independently). The candidate set of models applied to data from the factorial 
experiment (with promising operational protocols) included univariate and multivariable models (FS; PF; 
PL; L; 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 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. Field 
strength, pulse-frequency, and pulse-duration were treated as ordinal categorical variables and fish 
length as a continuous variable. Factors failing tests that the estimated parameter equaled zero in 
univariate models were dropped from further consideration, in the analysis.  

Akaike’s information criterion (AIC), which includes a penalty for number 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 value (∆𝑖=  𝐴𝐼𝐶𝑖 − 𝑚𝑖𝑛[𝐴𝐼𝐶]) and normalized Aikaike weights 
𝜔𝑖 =  𝑒𝑥𝑝(−∆𝑖 2⁄ ) ∑ 𝑒𝑥𝑝𝑅

𝑟=1⁄ (−∆𝑖 2⁄ ) 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 
substantial support for the model as best when 0 ≤∆𝑖≤ 2, less when 4 ≤ ∆𝑖≤ 7, and little support when 10. 
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 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 measure of the model’s overall predictive 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 no discrimination (random), an area of 0.7 ≤ ROC ≤ 0.8 was regarded as acceptable 
discrimination, an area of 0.8 ≤ ROC ≤ 0.9 was considered excellent discrimination, and an area under 
the ROC ≥ 0.90 was 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 represent the empirical data best (SAS 2008). 
Statistical significance in all tests was assessed using α = 0.05. Statistical analyses were accomplished 
using JMP Statistical software, Version 8 (SAS 2009). 

Results 

Screening trial 

Fish used in the screening trial were 43 to 72 (mean ± SD; 56 ± 6) mm total length, weighing 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 – 16) seconds into the exposure, at field strengths from 0.07 to 
0.32 (0.15 ± 0.04; 95% CI 0.146 – 0.154) V/cm. In the majority of cases, fish reacted to the presence of 
an electric field at times and field strengths associated with encroachment upon the “low-field” of 
Barrier IIA. 



 

35 
 

Fish demonstrated flight responses in 98% of the simulations in the screening trial. The onset of rapid 
non-directed swimming occurred from 37 to 60 (52 ± 3; 95% CI 51.5 – 52) seconds into the exposures, at 
field strengths from 0.15 to 1.0 (0.44 ± 0.13; 95% CI 0.04 – 0.47) V/cm. In simulations employing 20 Hz, 
25 Hz, or 30 Hz pulsed DC, flight responses often transitioned into forced-swimming with or without 
loss-of-equilibrium. The threshold for flight was relatively consistent across the simulations, occurring 
during exposure to the rising side of the high-field (Figure 2 – 5), where there was relatively rapid 
increase in field strength. 

Fish were immobilized during 63% of the simulations of encroachment in the screening trial. Proportions 
of fish immobilized, in the margins of the contingency tables, 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, 
1.50 V/cm, 0.77, 

(χ2 = 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, 

(χ2 = 38.557, P = 0.0001; Figure 2 – 6). Field strength (FS) and pulse-frequency (PF) were significant single 
predictors of immobilization in the screening trial, as indicated by logistic regression. Hypotheses that 
the estimated parameter was zero was rejected in the Likelihood-Ratio Chi-square test in each of these 
univariate models (χ2 = 13 – 255; DF = 4; P ≤ 0.0001–0.0112). The GOF tests supported the hypotheses 
that each of these univariate models adequately fit the data (χ2 = 500; DF = 495; P =0.4288). Fish length 
(L), however, failed to improve model performance over the constant response probability (χ2 = 0.6010; 
DF = 1; P = 0.4382). The estimated coefficients in the multivariable FS, PF model were not zero (χ2 = 280, 
DF = 8, P < 0.0001), as indicated by the Likelihood Ratio test. The GOF test indicated the FS, PF model 
adequately fit data from the screening trial (χ2 = 457, DF = 491, P = 0.8622). Pulse-frequency (χ2 = 267, 
DF = 4, P < 0.0001) and field strength (χ2 = 24, DF = 4, P < 0.0001) were also significant predictors of the 
probability of immobilization, as indicated by the Effect Likelihood Ratio Tests. Pair-wise tests of pulse-
frequency effects demonstrated significant differences between 10 Hz and the remaining pulse-
frequencies (χ2 = 24 – 87, DF = 1, P < 0.0001), between 15 Hz and the remaining protocols (χ2 = 31 – 50, 
DF = 1, P < 0.0001), and between 20 Hz and 25 Hz and 30 Hz (χ2 = 11 – 14, DF = 1, P = 0.0002 – 0.0007), 
but the difference between 25 Hz and 30 Hz was not statistically significant (χ2 = < 0.0001, DF = 1, P = 
1.0). Pair-wise hypothesis tests between the levels of field strength in the simulations demonstrated  
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Figure 2 – 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. Data from a total of 500 simulations are represented; five experiments, 
five treatment (combinations of electrical parameters) groups per experiment, 20 fish per treatment group. Simulations were conducted on fish 
individually using a completely randomized experimental design, within each experiment. The experiments were conducted at the USACE, EL–
ERDC, Vicksburg, Mississippi from 3 September to 30 December 2009.  
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significant differences between 1.5 V/cm and each of other levels of field strength (χ2 = 7.6 - 19, DF = 1, 
P ≤ 0.0001 – 0.006), but no statistically significant differences between remaining levels of field strength 
(χ2 = 0.04 – 2.63, DF = 1, P ≤ 0.1048 – 0.8414) in the pair-wise hypothesis tests. The area under the ROC 
curve (0.89) indicated the model to have very good discriminatory ability. 

Experiment for predictive modeling 

Fish used in the simulations with the set of promising operational protocols, for predictive modeling of 
immobilization, were 46 to 72 (56 ± 5) mm total length, weighing 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 the experimental groups. Mean fish length 
differed significantly among the experimental groups, as indicated ANOVA (F18/361 = 1.9282, P = 0.0131). 
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-2.0 ms (54 ± 6 mm; P < 0.05) experimental groups. There 
was also statistical 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 
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 characterizing first responses to electrical 
stimulation was observed in 83% of the simulations. Mean time to first response was 9 (± 6) seconds, 
least in simulations applying the 0.91 V/cm-30 Hz-2.5 ms operational protocol (mean, 7; 95% CI, 5 – 8 
seconds) and greatest in those applying 0.79 V/inch-20 Hz-2 ms operational protocol (mean, 12; 95% CI 
4 – 20 seconds).There was no statistically significant differences in mean time to first response among 
the treatment groups (F17/288 = 1.0428, P = 0.4114). First responses were observed at field strengths from 
0.01 to 0.33 (0.10 ± 0.40) V/cm (Figure 2 – 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. 
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 responses were observed in 99% of fish in the simulations, occurring between 45 and 59 (52 ± 2) 
seconds into the exposures (Figure 2 – 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). Post hoc 
pair-wise comparisons demonstrated statistically significant differences in the mean time to onset of 
flight between fish in simulations applying  

1.02 V/cm-30 Hz-2.5 ms (51 ± 2 seconds, P = 0.0005) versus 0.79 V/cm-25 Hz-2.0 ms (52 ± 3 seconds), 
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)    “ 
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 versus 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 was no statistical evidence that the mean threshold field strength for flight differed among the 
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operational protocols (F17/338 = 1.3720, P = 0.1476). The threshold cumulative exposure for the flight 
response was 2156 to 6489 (2977 ± 551) µW/cm3·s. There was strong statistical evidence of significant 
differences in the mean cumulative exposure threshold for flight among the operational protocols 
(F17/338 = 2.5909, P = 0.0006). Post hoc pair-wise comparisons indicated significant differences in mean 
cumulative exposure threshold for flight between fish exposed to the 0.79 V/cm-25 Hz-2.5 ms (2910 ± 
496 µW/cm3·s) protocols compared to those exposed to the 1.02 V/cm-30 Hz-2.5 ms (2696 ± 372 
µW/cm3·s, P = 0.0075), the 1.02 V/cm-30 Hz-2.0 ms (2747 ± 331 µW/cm3·s, P = 0.0025), the 1.02 V/cm-
25 Hz-2.5 ms (2760 ± 349 µW/cm3·s, P = 0.0292), and the 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, occurring 49 to 78 (63 ± 5) seconds into 
the exposure (Figure 2 – 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 of fish between simulations applying  

1.02 V/cm-30 Hz-2.5 ms (60 ± 1 seconds; P = 0.0174) versus 0.91 V/cm-20 Hz-2.5 ms (66 ± 1 seconds), 
1.02 V/cm-30 Hz-2.0 ms (59 ± 1 seconds; P = 0.0381) versus   “ 

and between simulations applying 0.79 V/cm-20 Hz-2.5 ms (66 ± 2 seconds) versus the 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 – 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 – 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. 

Righting occurred from 1 to 113 seconds after immobilization. The mean period of incapacitation was 
greatest in fish exposed to 1.02 V/cm-30 Hz-2.0 ms (47 seconds) and least in those exposed to 0.79 
V/cm-20 Hz-2.0 ms (7 s), and differed significantly among the experimental groups: 

1.02 V/cm-30 Hz-2.0 ms, 47 seconds,    1.02 V/cm-30 Hz -2.5 ms, 33 seconds, 
1.02 V/cm-25 Hz-2.5 ms, 27 seconds,   0.91 V/cm-30 Hz-2.5 ms, 21 seconds, 
0.79 V/cm-30 Hz-2.0 ms, 21 seconds,   0.91 V/cm-30 Hz-2.0 ms, 18 seconds, 
1.02 V/cm-25 Hz-2.0 ms, 16 seconds,   0.91 V/cm-25 Hz-2.5 ms, 16 seconds, 
1.02 V/cm-20 Hz-2.5 ms, 14 seconds,   0.91 V/cm-20 Hz-2.0 ms, 14 seconds, 
0.79 V/cm-30 Hz-2.5 ms, 13 seconds,   0.91 V/cm-20 Hz-2.5 ms, 12 seconds, 
0.79 V/cm-25 Hz-2.5 ms, 12 seconds,   0.91 V/cm-25 Hz-2.0 ms, 11 seconds, 
1.02 V/cm-20 Hz-2.0 ms, 10 seconds,   0.79 V/cm-20 Hz-2.5 ms, 09 seconds, 
0.79 V/cm-25 Hz-2.0 ms, 08 seconds,   0.79 V/cm-20 Hz-2.0 ms, 07 seconds, 

as indicated by Welch’s ANOVA (F17/81 = 4.0852, P < 0.0001).
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Figure 2 – 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 small bighead 
carp.  Data from a total of 360 simulations are represented in Figure 2 – 7 (A and B); 18 treatments (combinations of electrical parameters), 20 fish 
per treatment group. Simulations were conducted on fish individually using a completely randomized experimental design. 
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Figure 2 – 7 B. Thresholds of targeted responses in the simulations. Threshold field strength (volts/cm) for the first response, flight, 
immobilization, and righting in the simulations of encroachment upon electric barrier IIA on the CSSC by small bighead carp.  Data from a total of 
360 simulations are represented in Figure 2 – 7 (A and B); 18 treatment (combinations of electrical parameters), 20 fish per treatment group. 
Simulations were conducted on fish individually within a completely randomized experimental design. 
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Table 2 – 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 – 0.0326). 

Operational protocol Mean (SD) 
threshold field 

strength for 
immobilization 

(V/cm) 

Levels not connected by 
the same letter indicates 

statistically significant 
difference in pairwise 

comparisons 

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  
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Post hoc pair-wise comparisons indicated the mean period of incapacitation was significantly greater in 
fish immobilized in the simulations applying the 1.02 V/cm-30 Hz-2.0 ms protocol (47 s) versus 
simulations with the other protocols (P > 0.05); the exception was simulations with the 1.02 V/cm-30 Hz 
-2.5 ms protocol (33 s) where there was no statistically significant difference (P > 0.05). 

Proportions of the experimental groups of fish that were immobilized in the simulations, in the margins 
of the contingency table, varied from 0.35 to 1.00 (Figure 2 – 8), differed significantly among levels of 
field strength:  

0.79 V/cm, 0.59, 
0.91 V/cm, 0.74, 
1.02 V/cm, 0.88, 

χ2 = 26.463, P = 0.0001), among the pulse-rates: 

20 Hz, 0.58, 
25 Hz, 0.72, 
30 Hz, 0.93, 

χ2 = 38.557, P = 0.0001), and between the two pulse-durations (2.0 ms, 0.67; 2.5 ms, 0.81; χ2 = 8.293, P = 
0.0040). 

Risk for failing to immobilize fish was significantly reduced by several of the operational protocols tested 
compared to the protocol effective for immobilizing small silver carp in the pilot study (Figure 2 – 9). 
Compared to the 0.79 V/cm-15 Hz-6.5 ms protocol shown effective for immobilizing small silver carp in 
the pilot study, relative risk for failing to immobilize small bighead carp was reduced in simulations 
applying:  

0.79 V/cm-30 Hz-2.0 ms (RR, 0.42; 95% CI, 0.18 – 0.96), 
0.91 V/cm-25 Hz-2.0 ms (RR, 0.42; 95% CI, 0.18 – 0.96), 
0.91 V/cm-30 Hz-2.0 ms (RR, 0.17; 95% CI, 0.04 – 0.65), 
1.02 V/cm-25 Hz-2.0 ms (RR, 0.17; 95% CI, 0.04 – 0.65), 
1.02 V/cm-30 Hz-2.0 ms (RR, 0.08; 95% CI, 0.01 – 0.58), 
0.79 V/cm-30 Hz-2.5 ms (RR, 0.08; 95% CI, 0.01 – 0.58), 
0.91 V/cm-25 Hz-2.5 ms (RR, 0.33; 95% CI, 0.13 – 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 – 0.65), 
1.02 V/cm-25 Hz-2.5 ms (RR, 0.25; 95% CI 0.08 – 0.75), 
1.02 V/cm-30 Hz-2.5 ms (RR, 0.07, all fish immobilized) 

 
 (Figure 2 – 9). 
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Figure 2 – 8. Proportions of fish immobilized in the simulations for predictive modeling. Proportions of fish 
in the immobilized during simulations of encroachment into Barrier IIA, on the Chicago Sanitary and Ship 
Canal, by small bighead carp, with various operational protocols. Operational protocols were characterized 
by ultimate field strength (V/cm), pulse-frequency (Hz) and pulse-duration (ms). Outcomes from 
simulations on 380 fish are represented, 20 fish per experimental group. The simulations of were 
conducted at the USACE, EL–ERDC, Vicksburg, MS.  

 

 

Field strength (FS; P ≤ 0.0001), pulse-frequency (PF; P ≤ 0.0001), pulse-length (PL; P ≤ 0.0001), and fish 
length (L; P = 0.0043) were each significant single predictors of immobilization in small bighead carp. 
Logistic regression demonstrated a multivariable relationship between field strength (FS), pulse-
frequency (PF), pulse-length (PL), fish length (L), the pulse-length × fish length (PL*L) interaction, and 
probability of immobilization of small bighead carp. Goodness-of-Fit tests indicated that each model in 
the candidate set fit the data (χ2 = 308 – 343; DF = 350 – 354; P = 0.60 – 0.95). All models in the 
candidate set had excellent discrimination, as indicated by the area under the ROC curve (0.80 – 0.83). 
Nonetheless, there was strong support for the FS, PF, PL, L, PL*L model as the best model presented by 
the ∆𝑖 and 𝜔𝑖 (Table 2 – 2). Normalized Akaike weights (𝜔𝑖) 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 – 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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Figure 2 – 9. Relative risk of fish not being immobilized. Relative risk of small bighead not being 
immobilized during the simulations by various operational protocols compared to the operational 
protocol presently in use by Barriers on the Canal (FS: 0.79 V/cm; PF: 15 Hz; PL: 6.5 ms). Outcomes from 
simulations with 380 fish are represented, 20 fish per experimental group. The simulations were 
conducted at the USACE, EL–ERDC, Vicksburg, MS. 

 

  
Field strength (χ2 = 27.02; DF = 2; P < 0.0001), pulse-frequency (χ2 = 54.35; DF = 2; P = < 0.0001), pulse-
length (χ2 = 9.46; DF = 1; P = 0.0021), and pulse-length*fish length (χ2 = 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,  

H0: 0.79 volts/cm = 0.91 volts/cm (χ2 = 3.79; DF = 1; P =0.0516), 
H0: 0.79 volts/cm = 1.02 volts/cm (χ2 = 26.81; DF = 1; P < 0.0001), 
H0: 0.91 volts/cm = 1.02 volts/cm (χ2 = 10.45; DF = 1; P = 0.0012). 

 

Hypothesis tests demonstrated statistical differences between levels of pulse-frequency and pulse-
length. Specifically,  

H0: 20 Hz = 25 Hz (χ2 = 6.54; DF = 1; P = 0.0106), 
H0: 20 Hz = 30 Hz (χ2 = 53.55; DF = 1; P < 0.0001), 
H0: 25 Hz = 30 Hz (χ2 = 23.72; DF = 1; P < 0.0001), 
H0: 2.0 ms = 2.5 ms (χ2 = 9.46; DF = 1; P = 0.0021).  
 

The main effect of fish length was not statistically significant (χ2 = 1.92; DF = 1; P = 0.1614), but the PL*L 
interaction was significant (χ2 = 5.40; DF = 1; P = 0.0202). 
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Table 2 – 2. Model selection. Akaike information criterion (AICc) values (∆𝑖), normalized Akaike weights 
(𝜔𝑖), goodness-of-fit (GOF) P-values, and the area under the receiver operating characteristic (ROC) 
curve for prognostic models of electroshock-induced immobilization of small bighead carp, where FS = 
field strength, PF = pulse-frequency, PL = pulse-length, and L = total length. 
 

Rank Candidate models 
  

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 
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Probability of immobilization predicted by the FS, PF, PL, L, PL*L model varied widely among the 
operational protocols (Figure 2 – 10), 

0.79 V/cm-20 Hz-2.0 ms (0.14 – 0.46),           0.79 V/cm-25 Hz-2.0 ms (0.34 – 0.52), 
0.79 V/cm-30 Hz-2.0 ms (0.82 – 0.90),           0.91 V/cm-20 Hz-2.0 ms (0.33 – 0.54), 
0.91 V/cm-25 Hz-2.0 ms (0.55 – 0.73),           0.91 V/cm-30 Hz-2.0 ms (0.83 – 0.93), 
1.02 V/cm-20 Hz-2.0 ms (0.64 – 0.83),           1.02 V/cm-25 Hz-2.0 ms (0.78 – 0.87), 
1.02 V/cm-30 Hz-2.0 ms (0.96 – 0.98),           0.79 V/cm-20 Hz-2.5 ms (0.23 – 0.95), 
0.79 V/cm-25 Hz-2.5 ms (0.26 – 0.95),           0.79 V/cm-30 Hz-2.5 ms (0.74 – 1.00), 
0.91 V/cm-20 Hz-2.5 ms (0.32 – 0.93),          0.91 V/cm-25 Hz-2.5 ms (0.50 – 0.99), 
0.91 V/cm-30 Hz-2.5 ms (0.74 – 1.00),          1.02 V/cm-20 Hz-2.5 ms (0.73 – 0.94), 
1.02 V/cm-25 Hz-2.5 ms (0.82 – 0.97),          1.02 V/cm-30 Hz -2.5 ms (0.97 – 0.99).  

 
  

 
 

The combination of field strength, pulse-frequency, pulse-duration and the length of the bighead carp 
strongly influenced the probability of immobilization predicted by the model, meeting or exceeding 0.90 
in fish having lengths: 

≥ 71 mm (0.79 V/cm-30 Hz-2.0 ms),  
≥ 53 mm (0.91 V/cm-30 Hz-2.0 ms), 
≥ 51 mm (1.02 V/cm-30 Hz-2.0 ms), 
≥ 69 mm (0.79 V/cm-20 Hz-2.5 ms), 
≥ 64 mm (0.79 V/cm-25 Hz-2.5 ms), 
≥ 56 mm (0.79 V/cm-30 Hz-2.5 ms, 
≥ 64 mm (0.91 V/cm-20 Hz-2.5 ms), 
≥ 61 mm (0.91 V/cm-25 Hz-2.5 ms), 
≥ 51 mm (0.91 V/cm-30 Hz-2.5 ms), 
≥ 61 mm (1.02 V/cm-20 Hz-2.5 ms), 
≥ 53 mm (1.02 V/cm-25 Hz-2.5 ms), 
≥ 51 mm (1.02 V/cm-30 Hz -2.5 ms; Figure 2 – 10).
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Figure 2 – 10. Occurrence and predicted probability of immobilization in 46 – 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 small 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. Data from a total of 360 simulations are represented; 18 treatments (combinations of electrical 
parameters; operational protocols) were evaluated using 20 fish per treatment group. Simulations were conducted on fish individually using a 
completely randomized experimental design. Outcomes are plotted as a function of fish length. 
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Discussion 

Simulations of encroachment into the field of electric Barrier IIA (on the Chicago Sanitary and Ship 
Canal) by small 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. Electrical stimulation in the simulations, which was based on measurements taken 
from the surface of the barrier fields on the CSSC, was continuous but varied in intensity over time to 
mimic the exposure fish swimming through the barrier field would experience. The simulations in the 
pilot study provided “snapshots” of expected fish behavior at discrete points in field of Barrier IIA. The 
simulations in the present study more closely resembled conditions in the barrier fields of the CSSC. The 
approach applied in the present study was a significant improvement over the pilot study and in the 
“state of the art” for research related to electrical exposure 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 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 (maximum swimming speed of 50 cm/s). The conditions 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. 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 were necessary to immobilize 137 to 280 mm 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 fish [bighead 
carp (51 – 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 barrier field to the extent possible. Models and in-water 
measurements of the electric barriers on the Canal demonstrate the strength of the field increases with 
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proximity to the electrodes; field strength is lowest at the surface. The extent of the upstream 
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 
field, as the strength of the electric barrier is least at the surface. Thus, fish swimming at or near the 
water 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 exposed to increasingly unpleasant stimuli 
gradually and 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. Stewart (1990b) reported similar outcomes in tests with a marine 
barrier. 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. 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 electrical 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, or minimal, water current 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 could minimize body-voltage (by turning perpendicular to the 
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direction of electric current flow, perpendicular to the upstream-downstream direction) during the 
exposures. This circumstance can occur on the Canal, where under conditions of no flow (or very low 
flow) fish penetrating the electric field to the extent of receiving unpleasant stimulation may turn 
perpendicular to the direction of electric current flow, along an equipotential line (Vibert 1967), without 
being swept downstream. Fish turning near perpendicular to the direction of electric current flow, but 
still directed slightly upstream, could continue to swim forward and breach the barrier if the electrical 
stimulus were insufficient to render fish incapable of forward progress. No water current flow or 
minimal flow 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 
scenario of no (very low) water current flow.  

A minimum duration of exposure was assumed 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 
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 swimming speeds for 51 – 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 Notropis mekistocholas (25 – 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 relatively weak stimulus did not appear unpleasant, as fish did not appear to be in 
distress 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 rising side of the high field, the region of rapidly increasing gradient may 
serve as equipotential boundaries to upstream penetration by small fish. If small fish penetrating the 
electric field tend to maintain position below this equipotential boundary, as has been reported in large 
fish at the barriers on the Canal, they will be continually exposed to weak (relative to gradients in the 
high-field) electrical stimuli. Based on the work of Prel (1991), exposure to the low field may increase 
susceptibility to electrical stimulus in the 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 these smaller fish to immobilization by the high-field.  
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It is hypothesized that probability of immobilization increases with duration of exposure to low 
gradients. Additional study to test this hypothesis 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 on swim speed, in the 
context of increasing or decreasing durations of exposure, on immobilization thresholds is warranted. 

In the experiment for predictive modeling, 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 regardless of ultimate field strength, the gradients were greater for the 1.02 V/cm 
exposures as compared to the patterns with lower ultimate field strengths. The reduction in cumulative 
exposure thresholds are believed to have resulted from the greater rates of increase, as the threshold 
for flight (based on time) 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 ultimate field strength and pulse-frequency of 30 Hz. Comparisons of mean 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. 

Outcomes in the present study support hypotheses that characteristics of waterborne electric fields 
influence probability of induction of passage-preventing behaviors in small 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. 
Similarly, field strength, pulse-frequency, and pulse-duration were significant individual predictors in the 
experiment for predictive modeling but the outcomes were best represented by the multivariable FS, 
PF, PL, L PL*PL model. Based on the outcomes of the experiment, efficiency of the electric barriers on 
the Canal will be strongly influenced by the operational protocol employed (technical factors in the 
conceptual model). 

Statistical significance was apparent among the levels of field-strength, pulse-frequency and pulse-
duration in the prognostic FS, PF, PL, L, PL*L model. There were direct relations between the 
proportions of fish immobilized and field strength, pulse-frequency, and pulse-duration. A strong 
dependence between probability of immobilization and fish length was also demonstrated. The size 
range was relatively small, fish were 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 – 83 mm). The probability of immobilization of bighead 51 to 71 mm, predicted by the FS, PF, 
PL, L, PL*L mode, was ≥ 0.90 depending upon the operational protocol applied. 
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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 – 72 (56 ± 5) mm 
bighead carp encroaching upon the field of 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 confidence intervals for 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 86% (this is the lower 95% confidence 
interval for a binary response, for the point estimate of 100% with N = 20). Even though all of the fish 
were immobilized in some treatments larger sample sizes are needed to reduce the confidence interval 
about the point estimate. How large a sample size is determined by the level of confidence desired.  

The sample size estimate is complicated by the objective of desiring immobilization in all fish (no failure 
to induce immobilization), which leads to non-events and a zero cell in the tables. Events can be rare or 
zero cells introduced into the analysis when goals for treatment effectiveness are reached. Application 
of the rule of three to the scenario of no failure to induce immobilization in the simulations 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 
experiment for predictive modeling was conducted with 20 fish per group x 20 groups = 400 fish. If a 
confidence interval of stopping 99/100 fish is desired, according to the rule three, 300 fish would have 
been needed per experimental group (6,000 fish total with 20 treatments evaluated). The number of 
fish required for full factorial experiment can become impractical when near certainty of an event is 
desired (in this case no failure to immobilize fish in the simulations). Extensive testing for reduction of 
confidence intervals can be conducted with the few treatments shown effective in the experiment 
conducted for predictive modeling. Field experimentation on the CSSC to confirm outcomes and model 
predictions is recommended.  

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 effective for immobilizing silver carp 137 
to 279 (196 ± 36) mm total length. The operational protocol is presently used by Barrier IIA on the Canal. 
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 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 
small bighead carp compared to the protocol presently in use on the Canal,  

0.79 V/cm-30 Hz-2.0 ms (RR, 0.42; 95% CI, 0.18 – 0.96), 
0.91 V/cm-25 Hz-2.0 ms (RR, 0.42; 95% CI, 0.18 – 0.96), 
0.91 V/cm-30 Hz-2.0 ms (RR, 0.17; 95% CI, 0.04 – 0.65), 
1.02 V/cm-25 Hz-2.0 ms (RR, 0.17; 95% CI, 0.04 – 0.65), 
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1.02 V/cm-30 Hz-2.0 ms (RR, 0.08; 95% CI, 0.01 – 0.58), 
0.79 V/cm-30 Hz-2.5 ms (RR, 0.08; 95% CI, 0.01 – 0.58), 
0.91 V/cm-25 Hz-2.5 ms (RR, 0.33; 95% CI, 0.13 – 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 – 0.65), 
1.02 V/cm-25 Hz-2.5 ms (RR, 0.25; 95% CI 0.08 – 0.75), 
1.02 V/cm-30 Hz-2.5 ms (RR, 0.07, all fish immobilized). 

 
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 small bighead carp. Rates of 
immobilization ranged from 0.30 to 0.55 in simulations applying 15 Hz pulsed DC; in the screening 
experiment, (0.55 was achieved at an ultimate field strength of 1.5 V/cm). Rates of immobilization with 
operational protocols applying 10 Hz pulse-frequency were even lower. Thus, operational protocols 
applying 10 and 15 Hz were excluded from the experiment for predictive modeling, as they were 
demonstrated ineffective. 

The simulations serving as the baseline in the post hoc comparisons of risk, from the experiment for 
predictive modeling, were conducted as precursors to later research on the effects of water current flow 
on the efficiency of the electric barriers. The combined rate of immobilization was 0.40 in these 
simulations with the operational protocol presently in use on the Canal (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 for predictive modeling was 
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 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 15 Hz operational protocols in the screening experiments (which were 
conducted with 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 shown. An inverse relation was 
demonstrated between risk for failing to immobilize encroaching fish and fish size and a multivariable 
relation was demonstrated between the factors defining the waterborne field and risk for breaching the 
barrier. 

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.  
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3 – Evaluation of Effects of Water Conductivity on Barrier Effectiveness 

 

Summary.—Water electrical conductivity (the inverse of electrical resistivity) is a measure of the net 
motion of charged ions present. Measures of water conductivity are temperature dependent. Specific 
conductivity reflects ion content of water as thermal effects on the measure are removed. Ambient 
water conductivity, the water conductivity at the ambient temperature, more closely reflects electrical 
conductivity. The electrical conductivity of water (the ability of the water to conduct electricity) in the 
Chicago Sanitary and Ship Canal influences electrical power output by the electric barriers and transfer 
of electrical energy from water to fish; when conductivity of water in the Canal increases power demand 
increases and the efficiency of electric energy transfer from waterborne field to flesh of fish decreases. 
Analysis of specific water conductivity measures collected near the barriers October 1998 – April 2010, 
showed specific conductivity of water in the CSSC was 489 to 4697 µS/cm over the period. Variation in 
specific conductivity was seasonal, ranging between 3049 and 4697 µS/cm from December to March 
and from 489 to 1940 µS/cm the rest of the year. Estimates of water ambient conductivity (via 
conversion of specific measures at Lockport Lock and Dam) ranged between 388 and 2551 (852 ± 261; 
95% CI 843 – 862) µS/cm. Mean ambient conductivity varied significantly among months of the year, 
with a seasonal fluctuation evident. Mean ambient conductivity was greatest in February and least in 
September. The FS, PF, PL, L, PL*PL model (described previously) was developed from simulations 
(electrical exposures) to fish in water of 2,000 µS/cm. An experiment evaluating effects of water 
conductivity on the effectiveness of the barrier for immobilizing small bighead carp [42 – 72 mm (1.7 – 
2.8 inches) total length] was conducted October – November 2009. Fish effective conductivity (cf) was 
estimated to be 90 µS/cm via threshold power-density methodology. Simulations of encroachment, 
conducted on individual fish (20 fish per experimental group), in water of 100, 150, 500, 1000, 2000, and 
4,000 µS/cm ambient conductivity, targeted first response, flight, and immobilization. From 80 to 100% 
of fish in the experimental groups were immobilized during exposure to an operational protocol of FS: 
0.79 – 0.91 V/cm, PF: 30 Hz, PL: 2 ms, in the simulations. The operational protocol employed in the 
simulations, in water of various conductivity, was shown effective in the screening experiment, which 
was conducted in water of 1,000 µS/cm, and was shown relatively effective in the experiment for 
prognostic modeling (described earlier), which was conducted with water of 2,000 µS/cm. Outcomes of 
electrical exposures (simulations) indicate that effectiveness of Barrier IIA will be relatively constant with 
operational protocols applying 0.79 – 0.91 V/cm ultimate field strength, pulse-frequency of 30 Hz, and 
pulse-duration of 2 ms in water of conductivity from 100 to 4000 µS/cm. Verification of the experiment 
outcomes on the Canal, under field conditions is recommended. 

 

Introduction 

Simulations of outcomes of encroachment upon the electric barriers by small 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, it is the characteristics and 
magnitude of electric current that is introduced into the flesh of fish, however, that determines whether 
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.  
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Water electrical conductivity (the inverse of electrical resistivity) is a measure of the net motion of the 
charged ions present. Measures of water conductivity are temperature dependent. Specific conductivity, 
conductivity adjusted to a temperature of 25 C̊, which reflects the ion content of water as thermal 
effects on the measure are removed, is typically reported. Ambient water conductivity, the water 
conductivity at the ambient temperature, reflects electrical conductivity and determines the electrical 
“load” experienced by the Barrier power systems. 

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 and maintain the effectiveness electric barrier at inducing passage-
preventing behaviors in the targeted fishes is a concern.  

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 (𝑐𝑤) is widely available. The determination of 
conductivity of live fish during an electrical exposure is, however, problematic (Kolz 2006). The 
estimation of the “effective” conductivity of fish (𝑐f), 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. 

Effective conductivity has been estimated for a few sizes and species of fish. Based on thresholds for 
immediate induction of immobilization, fish effective conductivity point estimates for 60 – 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 fish effective conductivity of 270 – 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 carp 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 fish 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 
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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 small bighead carp in water having various levels of 
conductivity. Specific objectives were to (1) evaluate water conductivity levels in the CSSC, (2) estimate 
fish effective conductivity 𝑐f and threshold levels of transferred power density (𝐷𝑚) for small bighead 
carp, (3) estimate fish effective conductivity (𝑐f) and threshold levels of transferred electrical energy in 
small bighead carp based on cumulative exposure (𝐷𝑚 ∙ 𝑠), and (4) relate these factors to operation of 
the barriers on the Chicago Sanitary and Ship Canal. 

Methods 

Water specific conductivity and temperature measures from the Chicago Sanitary and Ship Canal were 
evaluated. The electric barriers are located at river mile 296.1 on the Chicago Sanitary and Ship Canal. 
Data from water quality monitoring stations on the CSSC, upstream of the barriers at Romeoville Road 
and Route 83 (river miles 296.2 and 304.7) and downstream at Lockport Lock and Dam (river mile 
291.0), taken periodically from October 1998 to April 2010, by the Metropolitan Water Reclamation 
District, were analyzed. Because ambient water conductivity more closely reflects electrical conductivity 
and electrical “load” experienced by the power systems of the electric barriers on the Canal, estimates 
of ambient conductivity were desired. A dataset of water temperature collected at Lockport Lock and 
Dam was combined with specific conductivity measures from the same location to estimate ambient 
conductivity. Hourly measures of specific conductivity were converted to a daily mean, providing a total 
of 3,108 daily values of water conductivity and temperature (from August 1998 through March 2008) in 
the dataset. Daily measures of water temperature were converted from Fahrenheit (°F) to Celsius (°C) 
with (℉− 32) × 5 9⁄ = ℃. Ambient conductivity (𝑐𝑎) was estimated as 
 𝑐𝑎 =  𝑐𝑠[1 + 0.0191(𝑇 − 25)] where 𝑐𝑠 is specific conductivity (µS/cm) corrected to 25°C (provided by 
most metering systems) and 𝑇 is water temperature (°C; APHA et al. 1985).  

The distributions of conductivity and temperature measures were examined, by month, 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; Sall et al. 2007). Means, standard deviations, and maximum and minimum 
measures were reported for each location. Analysis of Variance (ANOVA) was used to test for 
differences in mean specific conductivity among the locations and for differences in mean ambient 
conductivity and temperature at the Lockport Lock and Dam among months. The Brown-Forsythe test 
was used to test statistical hypotheses of homogeneity of variance (Brown and Forsythe 1974; SAS 
2008). Welch’s ANOVA was employed if there was statistical evidence that the variance differed among 
the groups of interest. Tukey’s Honestly Significant Difference test was used in post hoc pair-wise 
comparisons when evidence of unequal means was provided by ANOVA (SAS 2008). 

Two independent experiments were conducted at the Army Corp of Engineers (USACE), Aquatic and 
Ecosystem Research and Development Center, Environmental Laboratory, Engineer Research and 
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Development Center (EL-ERDC), 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 – 1) 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. 
Threshold power density levels for targeted responses were determined with exposures applied in a 61 
cm x 22 cm x 32 cm glass tank. Cumulative exposure thresholds were determined with exposures 
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. 

All of the 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 small bighead carp (Holliman, this report). The exposures were applied in well water 
(ambient conductivity ~ 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 random. 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. Each fish was immersed in an overdose solution of MS-222 immediately after completion of 
the electrical exposures. Measures of total length (mm) and weight were collected on each fish. 

The behaviors of the fish during the electrical exposures were monitored. 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 
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-side in the tank (minimizing “body-voltage”). 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, forced swimming, and immobilization were determined 
with electrical exposures lasting only long enough to ascertain fish response. The temperature of water  
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Figure 3 – 1. Closed water recirculating systems. Pond cultured small 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.  

  

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.  

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 – 2). The range of field strength associated with the “low-field” was consistent among the treatments. 
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.  
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Figure 3 – 2. 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, 0.91, 1.02, 1.14, and 1.50 V/cm are shown. The strength of the electric field in 
the simulations varied with time (seconds). The exposures were 88 seconds in duration, an exposure 
period calibrated to encroachment upon the electric field at a constant rate of 50 cm/s. 

 

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, USACE, Environmental Laboratory –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 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. Previous testing 
had been conducted with the 30 Hz, 2 ms operational protocol in water with conductivity of 1000 µS/cm 
(Holliman, this report), these data were included in this analysis, and the trial was not repeated.  

Applied power density (𝐷𝑎, µW/cm3) associated with the onset of targeted behaviors was estimated for 
each fish using, 𝐷𝑎 = 𝐸2 ∙ 𝑐𝑤, where 𝐸 was the threshold voltage gradient (V/cm) and 𝑐𝑤 was the 
ambient conductivity of the water in the test tank. Threshold cumulative exposure for the targeted 
behaviors (𝐷𝑎 ∙ 𝑠, µW/cm3 · s) in the simulations was estimated by summing the products of discrete 

Holliman 2011, SRI 
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power density (𝐷𝑎, 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 𝐷𝑎 were fitted by the non-linear least-squares method 
against the theoretical curves for maximum power transfer: 𝐷𝑎 = 𝐷𝑚[1 2 + 1 4(cf 𝑐𝑤⁄ + 𝑐𝑤 cf⁄ )⁄⁄ ], 
where 𝐷𝑚 was the threshold in vivo power density and cf = fish effective conductivity (Kolz and Reynolds 
1990). The equation was solved iteratively to achieve the best fit for estimation of parameters for 𝐷𝑎 
and cf (with 95% or 90% confidence intervals). Similarly, threshold cumulative exposures (𝐷𝑎 ∙ 𝑠) for 
targeted responses in the simulations were fit to the theoretical curve for maximum power transfer to 
estimate 𝐷𝑚 ∙ 𝑠 , the in vivo cumulative exposure for the flight response and cf. Theoretical curves for 
maximum power transfer were also fit to threshold𝐷𝑎 ∙ 𝑠 values for immobilization (from the 
simulations of encroachment) using values of cf estimated in the power-density-threshold-response 
experiment, to estimate 𝐷𝑚 ∙ 𝑠 and to evaluate model fit with the various cf. Model goodness-of-fit was 
quantified with the R2 statistic (Kvålseth 1985), calculated as: 𝑅2 = 1 −∑ (𝑦𝑖 − 𝑦�) (𝑦𝑖 − 𝑦�)⁄𝑖 , where 𝑦𝑖  
was the logarithm of threshold electrical energy, 𝑦� was the predicted electrical energy, and 𝑦� was the 
arithmetic mean of all 𝑦𝑖 . 

The multiplier for constant power (MCP; Kolz 1989) was calculated with 𝑀𝐶𝑃 =
 (1 + cf 𝑐𝑤⁄ ) (4 𝑐𝑤 cf⁄ )⁄ , using estimates of cf 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 cf was used to estimate the cfroughly splitting the difference between 
the curves (Miranda and Dolan 2003). The MCP was provided for specific water conductivity between 
400 and 4,000 µS/cm and water temperatures from 5 to 35 °C. Statistical analyses and model fitting 
were accomplished using JMP statistical software, Version 8 (SAS 2009). 

Results  

There were a total of 220,719 measures of specific conductivity in the dataset, taken at the three 
locations August 1998 through April 2010. Measures taken at river mile 296.2 (Romeoville Road) were 
limited to August 1998 to April 2004 and April 2008 to November 2008. The overall mean specific 
conductivity was 1,026 µS/cm. Mean specific conductivity varied significantly among the three sites, as 
indicated by Welch’s ANOVA (F2/220717 = 396, P ≤ 0.0001). The differences in mean conductivity were 
statistically significant between each of the sites (Lockport Lock and Dam, 1056 µS/cm > Romeoville 
Road, 1010 µS/cm > Route 83, 1000 µS/cm; P ≤ 0.05). Marked monthly variation was apparent in the 
distributions of specific water conductivity at each of the locations (Figure 3 – 3). Water specific 
conductivity was 380 to 3697 µS/cm at Lockport Lock and Dam monitoring station, 424 to 3588 at the 
Romeoville Road station, and 388 to 4697 at the Route 83 station. Examination of distributions of 
specific water conductivity measures by month demonstrates marked seasonal variation, with extreme 
(outlier) measures of conductivity occurring December, January, February, and March, at each of the 
locations. 

Water temperature at the Lockport Lock and Dam ranged from 0.5 to 31.1 °C (17.5 ± 6.9; 95% CI 17.2 – 
17.7) °C [33 to 88 (63 ± 12; 95% CI 63.02 – 63.9 °F)]. Mean temperature varied significantly among the 
months, as indicated by Welch’s ANOVA (F11/1334 = 1769, P ≤ 0.0001). Seasonal variation was apparent in 
the water temperatures, with higher temperatures occurring June through September (Figure 3 – 4). 
Pairwise comparisons of mean temperature between months demonstrated mean temperature was 
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greatest in August and July (P < 0.05), and least in February and January (P < 0.05), compared to each of 
the other months:  

August 26.4 °C, June 22.9 °C, November 16.8 °C, March 10.5 °C, 
July 25.8 °C, October 20.7 °C, April 14.8 °C, February 9.0 °C, 
September 24.8 °C, May 18.3 °C, December 11.9 °C, January 9.0 °C. 
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Figure 3 – 3. Water conductivity on the CSSC. Box plots of specific conductivity (temperature corrected 
measures of water conductivity) collected at three locations on the CSSC. The electric barriers are 
located at river mile 296.2 on the CSSC. The conductivity measures were collected by the Metropolitan 
Water Reclamation District at river miles 304.7 (route 83), 296.2 (Romeoville Road), and 291.0 (Lockport 
Lock and Dam), August 1998 through April 2010. The boxes indicate the 25th, 50th, and 75th quartiles. 
The whiskers (broken lines) extend to the outermost measures falling within 1.5 x the interquartile 
range. Data points in the graphs indicate outliers. 

  

 

Lockport Lock and Dam 

River Mile 291.0 

Romeoville Road 

River Mile 296.2 

Route 83 

River Mile 304.7 
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Estimates of water ambient conductivity at Lockport Lock and Dam ranged between 388 and 2551 (852 
± 261; 95% CI 843 – 862) µS/cm. Mean ambient conductivity varied significantly among the months, as 
indicated by Welch’s ANOVA (F11/1206 = 196, P ≤ 0.0001). The seasonal fluctuation evident in measures of 
specific conductivity were evident in the estimates of ambient conductivity, but the extremes were 
greatly reduced (Figure 3 – 4). Pairwise comparisons revealed that mean ambient conductivity differed 
significantly between most months, but was greatest in February and least in September (Table 3 – 1). 

Threshold power density estimates 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, weighing 0.3 to 2.9 
(1.2 ± 0.4) grams. Thresholds for the 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, cf was estimated to be 39 
(95% CI, -7 – 69; 90% CI 3 - 64) µS/cm and 𝐷𝑚 was estimated to be 0.68 (95% CI -0.13 – 1.18; 90% CI, 
0.05 – 1.11) µW/cm3. Based on the estimates of threshold power density for forced swimming with loss 
of equilibrium, cf was estimated to be 95 (95% CI, 60 – 135) µS/cm with 𝐷𝑚 estimated to be 112 (95% CI, 
87 – 112) µW/cm3. Based on estimates of threshold power density for immobilization, cf of small 
bighead carp was estimated to be 84 (95% CI, 66 – 100) µS/cm and 𝐷𝑚 was estimated to be 166 (95% CI, 
133-195) µW/cm3 (Figure 3 – 5). 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 simulations of fish challenging the electric barrier under various conditions 
of water conductivity. Fish in these simulations were 42 to 72 (54 ± 5) mm total length, weighing from 
0.6 to 2.9 (1.3 ± 0.4) grams. First response was recorded for 83% of fish used in the simulations. Flight 
responses were recorded in 95% of fish used in the simulations. Immobilization was induced in 66% of 
fish used in the simulations (Figure 3 – 6). 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).  

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 – 6). 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 estimates 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 cf (90% CI, -126 – 108) µS/cm and transferred power 𝐷𝑚 ∙ 𝑠 = 27.6 
(90% CI -110 – 80) µW/cm3 · s. 
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Figure 3 – 4. Water temperature and ambient conductivity at Lockport Lock and Dam. Box plots of (A) 
water temperature (C) measures collected at Lockport Lock and Dam, and (B) estimated ambient water 
conductivity, by month. The electric barriers are located at river mile 296.2 on the CSSC. The 
temperature measures were collected by the Metropolitan Water Reclamation District at river miles 
291.0 (Lockport Lock and Dam). The boxes indicate the 25th, 50th, and 75th quartiles. The whiskers 
(broken lines) extend to the outermost measures falling within 1.5 x the interquartile range. Data points 
in the graphs indicate outliers. 

 

Table 3 – 1. Mean ambient conductivity. Mean ambient conductivity (standard deviation in 
parentheses), by month, estimated from temperature and specific conductivity data collected at 
Lockport Lock and Dam. Statistically significant differences (P < 0.05) in pair-wise comparisons are 
indicated by levels not connected by same letter. 
 

Month 
Ambient conductivity 

 (µS/cm) 

Levels not connected by the same letter indicates 
statistically significant difference in pairwise 

comparisons of the means 

February 1139   (± 377) A               
March 1058   (± 258)   B             
January 992     (± 339)     C           
April 947     (± 139)     C           
May 879     (± 116)       D         
December 872     (± 359)       D E       
June 813     (± 106)         E F     
July 754   (± 69)           F G   
November 713   (± 92)             G H 
August 695   (± 85)             G H 
October 686   (± 81)               H 
September 684   (± 88)               H 
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Figure 3 – 5. 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 small 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. A total 
of 400 fish were used in the threshold-power density experiment, 50 fish at each level of water 
conductivity. A power density threshold for first response was targeted in all fish. The immobilization 
and pseudo-forced swimming responses were each targeted in 25 fish. The order in which the levels of 
water conductivity were tested was random.  
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Figure 3 – 6. Threshold field strength for behavioral responses. Thresholds of field strength for targeted 
behavioral responses in simulations of encroachment upon electric barrier IIA on the CSSC on small 
bighead carp, under various conditions of water conductivity. In the simulations, a protocol of 2 ms 
pulse-duration and 30 Hz pulse-frequency was applied at various levels of ultimate field strength. 
Outcomes from a total of 160 simulations are represented, with simulations conducted with 20 fish at 
each of the levels of water conductivity. The simulations were conducted on individual fish. 
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In all cases, flight responses were induced on the rising (downstream) side of the “high-field” (Figure 3 – 
6). Thresholds of power density and cumulative exposure for the flight response varied in accordance 
with power transfer theory. Using threshold power density for the flight response, cf was estimated to 
be 64 (95% CI 33 – 89) µS/cm and 𝐷𝑚 to be 43 (95% CI 23 – 59) µW/cm3 (Figure 3 – 7), with an R2 
statistic of 0.77. Based on estimates of threshold cumulative exposure for the flight response, cf was 
estimated to be 42 (95% CI 25 – 57) µS/cm and 𝐷𝑚 ∙ 𝑠 to be 278 (95% CI 65 – 373) µW/cm3 · s (Figure 3 – 
7), with an R2 statistic of 0.90.  

Immobilization responses were often induced on the falling (upstream) side of the “high-field” in the 
simulations (Figure 3 – 6). In this instance, thresholds of cumulative exposure (Figure 3 – 8) are more 
appropriate than threshold power density for estimation of cf, as like levels of power density occurred 
on each side of the high-field. No fish were immobilized in the simulations conducted in water of 23 
µS/cm and 43 µS/cm conductivity, but 0.90 of fish in the simulations conducted in 97 µS/cm water were 
immobilized. The lack of response in the lowest conductivity levels prevented adequate fit of the power 
transfer model to threshold cumulative exposure data to estimate cf and 𝐷𝑎 ∙ 𝑠 for immobilization. 

There were inverse relations between values of cf and the R2 statistics for the models, and estimates of 
𝐷𝑎 ∙ 𝑠  

39 µS/cm, R2 = 0.85, 1175 (95% CI 1106 – 1243), 
42 µS/cm, R2 = 0.85, 1262 (95% CI 1188 – 1336), 
64 µS/cm, R2 = 0.80, 1889 (95 % CI 1777 – 2000), 
84 µS/cm, R2 = 0.74, 2437 (95% CI 2292 – 2582), 
95 µS/cm, R2 = 0.71, 2702 (95% CI 2565 – 2892), 

when the power transfer model was fit to threshold cumulative exposure data for immobilization, with 
cf estimated from other targeted responses. Examination of the threshold cumulative exposure data and 
the fitted model indicate the outcomes from simulations conducted in water of 97 µS/cm were primarily 
responsible for the reduction in fit of the model to the data (Figure 3 – 9).  

The cumulative electrical exposure in the simulations conducted in water of 43 µS/cm conductivity was 
similar to that in simulations conducted in water of 97 µS/cm; there was extensive overlap in levels of 
cumulative exposure between the simulations conducted in water of 43 µS/cm and 97 µS/cm. No fish 
were immobilized in simulations conducted in water of 43 µS/cm conductivity and the estimated fish 
effective conductivity of 42 µS/cm provided the best fit of the power transfer model to threshold 
cumulative exposure for immobilization data. In contrast to the simulations conducted in water of 43 
µS/cm conductivity, 90% of fish in the simulations conducted in water of 97 µS/cm conductivity were 
immobilized. The contrast in incidence of immobilization between the two levels of water conductivity is  
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Figure 3 – 7. Plot of threshold power density for flight versus water conductivity. (A) Log-log plot of 
power density (µW/cm3) (B) log-log plot of cumulative exposure (µW/cm3·s) versus water conductivity 
for predicting power thresholds for flight responses in small bighead carp. Mean values of the response 
threshold power density and cumulative exposure and the fitted theoretical curves for maximum power 
transfer are plotted as functions of water conductivity. Using the threshold power density for the flight 
response, cf was estimated to be 64 (95% CI 33 – 89) µS/cm and 𝐷𝑚 to be 43 (95% CI 23 – 59) µW/cm3. 
The R2 statistic for the model was 0.77. Using threshold cumulative exposure for the flight response, cf 
was estimated to be 42 (95% CI 25 – 57) µS/cm and in vivo cumulative exposure to be 278 (95% CI 65 – 
373) µW/cm3 · s. The model R2 statistic was 0.90. A total of 160 fish were used in the simulations, 1 fish 
per simulation, 20 fish per level of water conductivity. 
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Figure 3 – 8. Cumulative exposure thresholds. Cumulative exposure thresholds for targeted 
behavioral responses in simulations of encroachment into the Barrier IIA field by 51 – 76 mm 
bighead carp, in water of varying conductivity. The electric fields were characterized by pulses of DC 
of 2 ms duration and 30 Hz at various levels of ultimate field strength. The vertical scale changes 
markedly in the plots. Data from a total of 160 fish are represented, 1 fish per simulation, 20 fish per 
level of water conductivity. 
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Figure 3 – 9. Plot of threshold cumulative exposure for immobilization. Log-log plot of cumulative 
exposure (µW/cm3 · s) thresholds for immobilization in simulations of encroachment on electric barrier 
IIA by small bighead carp. Models were fit using cf estimated from power density thresholds for 
immobilization (84 µS/cm; R2 = 0.74) and pseudo-forced swimming (95 µS/cm; R2 = 0.71). Data from 
160 simulations are represented, 1 fish per simulation, 20 fish per level of water conductivity. 

 

 

 

interpreted as evidence that 97 µS/cm is a closer match to the effective conductivity of bighead carp 
than 43 µS/cm. 

The multiplier for constant power (MCP), in relation to 𝑐𝑤was calculated with estimates of effective 
conductivity estimated from the power-density-threshold-response experiment, from thresholds of 
forced swimming with loss of equilibrium (cf = 95 µS/cm) and immobilization (cf = 84 µS/cm; Figure 3 – 
10). The MCP minima (1) reflected the matched condition between fish effective conductivity and water 
and water conductivity, where 𝑐𝑤 = cf. The MCP curves for cf = 95 µS/cm and cf = 84 µS/cm intersect at 
cf = 90 µS/cm, a value approximately splitting the difference between the curves. The condition of 
𝑐𝑤 > cf is anticipated as typical on the Canal. The MCP for Barrier output on the Canal ranged from 1.32 
(specific water conductivity, 400 µS/cm; temperature, 5 °C) to 14.7 (specific water conductivity, 4000 
µS/cm; temperature, 35 °C; Table 3 – 2). 
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Figure 3 – 10. Multiplier for constant power in relation to water conductivity. The relation of the 
multiplier for constant power (MCP) and conductivity of water (𝑐𝑤) for small bighead carp developed 
from threshold-power-density techniques. The MCP was calculated for fish effective conductivities (cf of 
95 and 84 µS/cm estimated from thresholds of forced swimming (with loss of equilibrium) and 
immobilization. The distance between the curves was evenly split with cf = 90 µS/cm. 
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Table 3 – 2. Table of multiplier for constant power (MCP). Multiplier for constant power (MCP), based 
on power transfer theory, calculated for various levels of water temperature (°C) and specific 
conductivity (µS/cm), with fish effective conductivity (cf) = 90 µS/cm. The MCP can be used to estimate 
power output requirements for the electric barriers on the CSSC required to maintain efficiency across 
various levels of water conductivity and temperature.  

 

Water temperature (°C) 

Specific 
conductivity 

(µS/cm) 
5 10 15 20 25 30 35 

400  1.320666 1.422986 1.527990 1.634829 1.742976 1.852090 1.961938 
500  1.487604 1.620621 1.755785 1.892417 2.030095 2.168547 2.307586 
600  1.660206 1.823161 1.987906 2.153874 2.320714 2.488199 2.656173 
700  1.836044 2.028505 2.222499 2.417542 2.613333 2.809676 3.006439 
800  2.013904 2.235600 2.458638 2.682593 2.907202 3.132295 3.357755 
900  2.193113 2.443863 2.695806 2.948565 3.201905 3.455674 3.709770 

1000  2.373266 2.652944 2.933696 3.215182 3.497190 3.779586 4.062275 
1100  2.554106 2.862620 3.172110 3.482267 3.792900 4.103885 4.415136 
1200  2.735460 3.072741 3.410917 3.749705 4.088929 4.428474 4.768265 
1300  2.917210 3.283206 3.650027 4.017413 4.385201 4.753287 5.121599 
1400  3.099272 3.493940 3.889375 4.285334 4.681667 5.078276 5.475094 
1500  3.281582 3.704889 4.128912 4.553425 4.978286 5.403405 5.828719 
1600  3.464095 3.916014 4.368605 4.821654 5.275030 5.728647 6.182449 
1700  3.646774 4.127283 4.608424 5.089996 5.571877 6.053984 6.536265 
1800  3.829592 4.338673 4.848350 5.358434 5.868810 6.379400 6.890153 
1900  4.012527 4.550163 5.088364 5.626952 6.165815 6.704881 7.244102 
2000  4.195562 4.761740 5.328455 5.895537 6.462881 7.030418 7.598102 
2100  4.378681 4.973390 5.568611 6.164181 6.760000 7.356003 7.952146 
2200  4.561874 5.185105 5.808823 6.432875 7.057165 7.681630 8.306229 
2300  4.745131 5.396874 6.049084 6.701612 7.354369 8.007293 8.660345 
2400  4.928444 5.608692 6.289387 6.970388 7.651607 8.332987 9.014490 
2500  5.111807 5.820553 6.529728 7.239198 7.948876 8.658709 9.368660 
2600  5.295212 6.032451 6.770103 7.508037 8.246172 8.984456 9.722853 
2700  5.478657 6.244383 7.010507 7.776903 8.543492 9.310225 10.07707 
2800  5.662136 6.456345 7.250937 8.045792 8.840833 9.636013 10.43130 
2900  5.845646 6.668334 7.491392 8.314702 9.138194 9.961818 10.78554 
3000  6.029184 6.880347 7.731867 8.583632 9.435571 10.28764 11.13981 
3100  6.212747 7.092381 7.972362 8.852579 9.732965 10.61348 11.49408 
3200  6.396333 7.304436 8.212874 9.121541 10.03037 10.93932 11.84837 
3300  6.579940 7.516508 8.453402 9.390518 10.32779 11.26518 12.20266 
3400  6.763566 7.728597 8.693944 9.659507 10.62522 11.59105 12.55697 
3500  6.947209 7.940701 8.9345 9.928508 10.92267 11.91694 12.91129 
3600  7.130868 8.152819 9.175068 10.19752 11.22012 12.24282 13.26561 
3700  7.314541 8.364949 9.415647 10.46654 11.51758 12.56872 13.61994 
3800  7.498228 8.577091 9.656236 10.73557 11.81505 12.89463 13.97428 
3900  7.681927 8.789243 9.896834 11.00461 12.11253 13.22054 14.32863 
4000  7.865638 9.001406 10.13744 11.27366 12.41001 13.54646 14.68298 
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Discussion 

The relation between the conductivity of water transmitting the electric field and the conductivity of fish 
determines quantities of power transferred from water to fish. Subsequently, the conductivity of water 
influences fish behaviors evoked by electrical energy (Vibert 1967, Lamarque 1967, Halsband 1967, 
Biwas and Karmarker 1979, Kolz 1989, Kolz and Reynolds 1989, Miranda and Dolan 2003, Bearlin et al. 
2008). The conductivity of water in the Canal varies markedly, potentially influencing effectiveness of 
the electric barriers for evoking passage-preventing reactions from encroaching fishes. The present 
study evaluated effects that variation in water conductivity may have on the effectiveness of Barrier IIA 
for inducing passage-preventing behaviors in small invasive carp. 

Conductivity is a measure of the ability of a material to conduct electric current and is a measure of the 
net motion of the charged ions present. The conductivity of water is strongly dependent upon the 
quantity of dissolved ions. Because temperature strongly influences conductivity, conductivity measures 
are often temperature corrected (specific conductivity) to allow direct comparison ion content, as 
thermal effects are removed. Water conductivity measures in the experiments and simulations, and all 
calculations, are ambient measures, conductivity at ambient temperature, which more closely reflects 
electrical conductivity. Most meters provide temperature corrected measures of water conductivity (i.e., 
specific conductivity). Ambient conductivity (𝑐𝑎) is calculated as 𝑐𝑎 =  𝑐𝑠[1 + 0.0191(𝑇 − 25)], where 
𝑐𝑠 is specific conductance (µS/cm) corrected to 25°C (provided by most metering systems) and 𝑇 is 
water temperature (°C; APHA et al. 1985). 

Estimates of fish effective conductivity for small bighead carp and in vivo power density under matched 
conditions (𝐷𝑚, were acquired via power density technique employing an approach similar to those 
applied by Kolz and Reynolds (1989), Miranda and Dolan (2003) and Bearlin et al. (2008). The estimates 
of cf for small bighead carp differed among the targeted responses. A  cf of 39 µS/cm was estimated 
from thresholds for first response, a cf of 95 µS/cm from thresholds of forced swimming, and a cfof 84 
µS/cm from thresholds of immobilization. The cf estimated for small bighead carp from first response 
thresholds was lower than the estimates acquired from the other responses targeted. Reports by Kolz 
and Reynolds (1989) and Bearlin et al. (2008) show similar patterns in exposures to pulsed DC, where 
the least severe behavioral response targeted provided the lowest estimated values for cf Thresholds for 
twitch provided estimates of cf of 83 to 99 µS/cm compared to estimates of 137 to 160 µS/cm for 
immobilization in goldfish exposed to 50 Hz pulsed DC (Kolz and Reynolds 1989). Thresholds for escape 
provided an estimate of cf of 65 µS/cm while thresholds for immobilization provided an cfestimate of 80 
µS/cm in Murray cod exposed to 60 Hz pulsed DC (Bearlin et al. 2008). Similar to the increased variance 
in threshold power density estimates for the escape response, relative to the other targeted responses, 
reported by Bearlin et al. (2008), variation associated with thresholds of first response was greater than 
for the other responses in the present study. Kolz and Reynolds (1989) did not indicate the variability 
associated with their estimates. The hypothesis presented by Bearlin et al. (2008), that the increased 
variation associated with escape was a reflection of the actions and signs associated with the response 
being less distinguishable than those associated with more extreme responses, also applies to the 
outcomes in the present study.  

The first response to the presence of the electric field by fish in the experiment often included 
movements that appeared as attempts to physically brush against surfaces in the exposure tank, a 
response reminiscent of fish reactions to low grade irritation (e.g., external parasite). The hypothesis 
that the low gradient electrical exposures associated with the first response stimulated different neural 
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structures (than those associated with the other responses) is offered as an explanation for the shift in cf 
observed among the targeted behaviors. The low electrical gradients associated with first response 
stimulated somatic sensory nerves as opposed to direct stimulation of the CNS and motoneurons that 
resulted in pseudo-forced swimming and immobilization response is proposed as an explanation for the 
shift in  observed between the targeted responses. Model fit improved as fish responses to electrical 
exposure became more pronounced, as indicated by the R2 statistic, likely resulting from the actions and 
signals associated with the behaviors becoming more distinguishable.  

The estimates of cffor bighead carp based on forced swimming (95 µS/cm) and immobilization (84 
µS/cm) thresholds in the present study are consistent with previous estimates of fish effective 
conductivity. Exposures of goldfish to 50 Hz pulsed DC of 2, 5 and 10 ms provided point estimates of 
effective conductivity, based on immobilization, from 137 µS/cm to 160 µS/cm (Kolz and Reynolds 
1989). Estimates of effective conductivity of channel catfish 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). Application of the power transfer curve to previously 
published threshold response data and water conductivities increases the number of estimates of fish 
effective conductivity for comparison. Fit of the theoretical power transfer curve to threshold power 
density for forced swimming in 30 cm eels, calculated here from data reported by Lamarque (1967), and 
for first response in trout, estimated here from data reported by Sternin et al. (1976), provides values 
of 76 µS/cm (R2 = 0.85) for eels and 100 µS/cm (R2 = 0.92) for trout. Fit of power transfer curves to 
previously published thresholds for flight response, from exposures to 50 Hz AC (Liu 1990; Miranda and 
Dolan 2003), provides estimates for  of 56 µS/cm for bighead carp and 96 µS/cm for silver carp. Thus, 
the estimates of bighead carp effective conductivity in the present study are consistent with those on a 
variety of species.  

The scenario in the simulations used to estimate thresholds of cumulative exposure for the targeted 
responses was similar to that employed in the screening trial and the experiment for prognostic 
modeling (Holliman, this report). The scenario was assumed to be the worst case for preventing passage 
of invasive bighead carp and silver carp 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 or minimal water current flow, and, (5) fish swam straight through the electric 
barrier, as quickly as possible. In the present study, an additional component was added to the scenario, 
(6) the conductivity of water in the Canal varied. The circumstance in the simulations is expected to 
worsen as levels of water conductivity deviate from the matched condition with fish effective 
conductivity (~ 90 µS/cm). The simulations conducted for prognostic modeling were conducted in water 
of 2000 µS/cm conductivity. 

The duration of an electrical exposure can significantly influence the behavioral response evoked in fish 
(Sternin et al. 1976, Prel 1991). Possible physiological mechanisms for the immobilization response in 
the simulations include strong stimulation of the central nervous system leading to summation of signals 
and muscular cramp (Halsband 1967), synaptic exhaustion due prolonged exposure (Lamarque 1967), 
and depression of the central nervous system (Sternin et al. 1976). Intuitively, the duration of the 
electrical exposures employed (as long as they are consistent) should have no bearing on estimates of 
fish effective conductivity, unless the thresholds of response in the neural-muscular structures 
stimulated differ over differing durations of exposure or different neural-muscular structures are 
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stimulated as exposure period changes. It is expected that duration of exposure would influence power 
density minima (quantity of energy required for a response), but not the location of the minima along 
the conductivity spectrum (which would influence estimates of fish effective conductivity). However, 
duration of exposure dependent thresholds in neural-muscular structures stimulated and period of 
exposure dependent stimulation of different neural structures that influence estimates of fish effective 
conductivity cannot be discounted. 

To my knowledge, this is the first application of power transfer theory to thresholds of fish behaviors 
based on cumulative electrical exposure. Application of the power transfer model to threshold data 
from the simulation provided cf = 64 µS/cm for flight when based on power density and  = 42 µS/cm 

when applied to cumulative exposure. The estimate of cf = 64 µS/cm is similar to that estimated from 
thresholds for the escape response in Murray cod (cf = 65 µS/cm) and the relative shift in  from the 

estimates based on thresholds of forced swimming and immobilization are similar to that reported by 
Bearlin et al. (2008). The estimate of cf = 42 µS/cm from thresholds of cumulative exposure for flight is a 
marked shift from the estimates based on thresholds of forced swimming cf = 95 µS/cm and 
immobilization cf = 84 µS/cm. Bearlin et al. (2008) reported a similar shift in the cf estimates based on 
immobilization (pulsed DC exposure) and narcosis (DC exposure). The mechanisms associated with 
narcosis and immobilization involves different neural structures (Sternin et al. 1976), which may account 
for the shift in cf reported by Bearlin et al. (2008). The shift in cfbetween models fit to power density 
data and cumulative exposure data is more likely an artifact of the modeling procedure, as the models 
were fit to data acquired in the same exposures. Additional model terms may be needed to account for 
duration of exposure, but are beyond the scope of the present study. Additional investigation into the 
effects that duration of exposure may have on induced response and estimates of fish effective 
conductivity is warranted.  

Comparisons of models of power transfer applied cumulative exposure for immobilization employing 
estimates of cf acquired via power transfer technique showed an inverse relation between model fit and 
effective conductivity estimates: cf = 39 µS/cm, R2 = 0.85; cf = 42 µS/cm, R2 = 0.85; cf = 64 µS/cm, R2 = 
0.80; cf = 84 µS/cm, R2 = 0.74, and cf = 95 µS/cm, R2 = 0.71. The models applying cf= 39 and cf= 42 
accounted for the most variation in the data among those tested, provided the best fit, as indicated by a 
slightly greater R2 statistic. Though cf = 42 µS/cm gave the best model fit to the data, the numbers of 
fish immobilized in the simulations (conducted in water of conductivity similar to these estimates of 
effective conductivity) suggests an effective conductivity closer to 97 µS/cm.  

No fish were immobilized in the simulations conducted in water of 22 µS/cm or 43 µS/cm conductivity. 
Based on power transfer theory, the cumulative exposure minima should occur at the water 
conductivity providing a matched condition with fish effective conductivity. No fish were immobilized in 
water of conductivity similar to the cf estimate best fitting the threshold cumulative exposure for 
immobilization data, the expected location of the cumulative exposure minima. Comparison of 
cumulative exposure between the simulations in water of 43 µS/cm conductivity and those in water of 
97 µS/cm conductivity demonstrate extensive overlap. The outcomes in these two exposures differed 
markedly, 90% of fish in the the simulations conducted in 97 µS/cm conductivity water were 
immobilized compared to no fish (0%) immobilized in water of 43 µS/cm. The power transfer model fit 
the threshold cumulative exposure for flight data well (R2 = 0.90). It is concluded that the lack of data in 
the two lowest levels of conductivity prevented adequate fit of the theoretical power transfer model to 
the threshold cumulative exposure for immobilization data. 
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Field study to determine effective levels of operation for the electric barriers is recommended. Once 
effective levels of operation has been determined, the results of the threshold power density 
experiment provides fundamental information to determine power output necessary for the electric 
barriers to maintain effectiveness (on fish) under various conditions of water conductivity. Power 
transferable from water to fish can be calculated with 𝑃𝑡 = 𝑃𝑎 𝑀𝐶𝑃⁄ , where 𝑃𝑎 is the power level 
determined to provide acceptable operation. Power output goals 𝑃𝑔for the Barrier under different 
conditions of water conductivity can be calculated by substituting 𝑃𝑡 for 𝑃𝑎 in the equation, providing 
𝑃𝑔 = 𝑃𝑡 × 𝑀𝐶𝑃 (Burkhardt and Gutreuter 1995). Fish effective conductivity information can also be 
used to improve electrofishing-based monitoring of bighead carp. Because conductivity of water in the 
Canal varies widely, standardizing electrical power applied during electrofishing is warranted (Burkhardt 
and Gutreuter 1995). Comparing the MCP based on cf estimates of 90 µS/cm for bighead carp with that 
based on the generalized cf of 115 µS/cm (Miranda and Dolan 2003), estimates of MCP (and 
subsequently estimates of applied power) was consistently greater with cf = 90 µS/cm, underestimated 
by the generalized cf = 115 µS/cm by 15% in 400 µS/cm water, 22% in 1,000 µS/cm water, 25% in 2,000 
µS/cm water, and 26% in 3,000 and 4,000 µS/cm water. 

The estimates of cf were based on electrical exposures to DC pulsed at 30 Hz, pulses of 2 ms. Application 
of other combinations of pulse-frequency and pulse-duration may raise or reduce the quantity of 
electrical energy necessary to induce targeted responses, but cf would be unaffected. The simulations of 
fish encroachment in water of ambient conductivity similar to that occurring in the Canal were 
conducted with ultimate field strength of 0.91 V/cm; the exceptions were simulations at 4049 µS/cm, 
which were conducted with ultimate field strength of 0.79 V/cm. The proportions of fish immobilized in 
the simulations in water of conductivity similar to that in the Canal (0.80 – 1.0) was relatively constant. 
The operational protocol employed in the simulations, in water of various conductivity, was shown 
effective in the screening experiment (described earlier), which was conducted in water of 1,000 µS/cm, 
and was shown relatively effective in the experiment for prognostic modeling (described earlier), which 
was conducted with water of 2,000 µS/cm. Outcomes of electrical exposures (simulations) indicate that 
effectiveness of Barrier IIA will be relatively constant with operational protocols applying 0.79 – 0.91 
V/cm ultimate field strength, pulse-frequency of 30 Hz, and pulse-duration of 2 ms in water of 
conductivity from 100 to 4000 µS/cm. Verification of the experiment  outcomes on the Canal, under 
 field conditions is recommended.
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4 – Evaluation of Volitional Challenge of Electric Fields by Small Bighead Carp 

Summary.— The objective in this experiment was to evaluate volitional challenge of barrier fields, 
electric fields characterized by potential operational protocols for the barriers on the Chicago Sanitary 
and Ship Canal by small bighead carp [48 – 82 mm (1.9 – 3.2 inches) total length]. If small bighead carp 
avoid increasingly intense waterborne electric fields it may not be necessary to maintain the electric 
barriers at field strengths capable of immobilization, potentially a significant reduction in electrical 
power requirements, equipment wear, and hazards to humans. Our approach was to evaluate the 
incidence and outcomes of challenges to the electric fields under controlled conditions, in a relatively 
shallow circular flume. The electric fields in the tests were approximately 1/10 the width (upstream-
downstream dimension) of electric Barrier IIA on the Canal and had markedly greater gradients of field 
strength compared to those present in the barriers at the Canal surface; the proportions of fish 
breaching the field in this experiment do not estimate passage rate of the electric Barriers on the Canal, 
the differences in scale and the distributions of electric energy between the electric fields in the flume 
and the barrier fields on the Canal is too great for direct inference of outcomes. However, the 
experiment provides invaluable insight into the relative effectiveness of the operational protocols 
applied and the likelihood of volitional challenge and avoidance of waterborne electric fields by small 
bighead carp. A total of 400 fish were used in the experiment, 20 fish per experimental cell. Fish 
exhibited positive rheotaxis, typically swimming upstream into the flow of water. Fish in the present 
study had opportunity to avoid the field and to exit the field after swimming into it. Fish actions and 
behaviors indicate they were able to detect the edge of the field and, therefore, could avoid entering 
the field and avoid further interaction with the field. However, in many cases, fish challenged the field 
repeatedly. Further, fish often continued to challenge the field despite being immobilized 
(incapacitated) during incursions into the field only moments earlier, re-challenging the field 
immediately upon recovery of an upright orientation. Risk for fish to breach the field varied among the 
operational protocols. Risk of successful challenge of the field and risk for successful passage through 
the field was significantly reduced with several of the operational protocols (0.91 V/cm-25 Hz-2.0; 0.91 
V/cm-30 Hz-2.0 ms; 1.02 V/cm-30 Hz-2.0 ms; 0.91 V/cm-30 Hz-2.5 ms; 1.02 V/cm-20 Hz-2.5 ms; 1.02 
V/cm-25 Hz-2.5 ms; 1.02 V/cm-30 Hz-2.5 ms) compared to the protocol shown effective for small silver 
carp in the pilot study (0.79 V/cm, 15 Hz, 6.5 ms). The ultimate field strength and pulse-frequency were 
greater in the operational protocols that reduced risk for successful challenge and passage compared to 
the baseline protocol, but average field strength was reduced (as the pulse-duration was only 31% or 
38% (2.0 ms and 2.5 ms versus 6.5 ms). In the simulations of encroachment (described previously), there 
was little indication of distress in during exposure to field strengths associated with the low-field of 
Barrier IIA. Responses similar to flight responses evoked in the simulations (upon exposure to the rising 
side of the high-field) were often observed in fish penetrating the field in the present study; fish 
penetrating the field typically appeared distressed, swam rapidly and abnormally, and utilized body-
voltage minimizing actions. Unless immobilized by the electrical field, fish exhibiting these “flight” 
responses continued to swim upstream. Based on the outcomes of the experiment, the rheotaxis 
response to water flow, the repeated challenges to the barrier fields, and the upstream progression of 
fish penetrating the field despite apparent distress, it is recommended that electric barriers on the Canal 
utilize protocols capable of inducing immobilization in targeted sizes of bighead carp. 

 



 

82 
 

Introduction 

Bighead carp Hypophthalmichthys nobilis and silver carp H. molitrix are nuisance invaders of the 
Mississippi River System and potential invaders of the Great Lakes. B carp and silver have established 
reproducing populations in the Mississippi River System and their lifecycle includes prespawn upstream 
migrations (Kolar et al. 2005). The US Army Corps of Engineers (USACE) Chicago District employs 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.  

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. Hartley and Simpson (1967) indicate that graduated electric fields are necessary for electric 
barriers to be successful, as fish challenging the barrier are gradually exposed to increasingly unpleasant 
stimuli and can learn to avoid the stimuli. The extent of the field is critical; the field must be wide 
enough to prevent fast swimming fish from breaching the field under their own power. The width 
necessary is influenced by the characteristics of the field. For example, the pulse rate in a pulsed DC field 
must ensure that fast swimming fish cannot pass through or penetrate too deeply into the electrified 
zone between pulses. Barriers of graduated electric fields allow penetration by fish to the extent that 
they can, with larger fish stopping at an earlier stage than smaller fish. The ultimate field strength in the 
barrier should be adequate to stop the smallest fish (Hartley and Simpson 1967). 

Bullen and Carlson (2004), however, 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. If bighead carp and silver carp will learn to avoid the increasingly unpleasant 
electrical stimuli associated with continued penetration of the electric barrier on the CSSC is not known. 
If passage-prevention will be based on fish learning to avoid noxious stimuli, the threshold for noxious 
electrical stimulation associated with the avoidance learning is also not known.  

Silver carp, bighead carp and common carp share the behavioral characteristics of swimming against the 
flow and attraction to slow water currents, behaviors that are more pronounced during the breeding 
season (Zhong 1990). Thus, it is expected that fish motivated to swim upstream in the Chicago Sanitary 
and Ship Canal will penetrate the electric barrier to the extent they can. The simulations in the prior 
experiments (Holliman, this report) were conducted under a scenario of no or minimal flow and fish 
continuing upstream into the Barrier despite electrical stimulation. Although fish did react (first 
response) to the presence of pulsed DC during exposure to field strengths associated with the low-field, 
there was little indication of distress. The onset of behaviors associated with the flight response, 
however, could indicate the threshold for aversive responses, perhaps a behavioral threshold associated 
with maximum depth of penetration of the barrier. Upon reaching this level of penetration fish may 
retreat downstream or maintain their position within the field. There are anecdotal observations of this 
behavior in large fish (undetermined species) in the electric barriers on the Chicago Sanitary and Ship 
Canal, of large fish maintaining position at some boundary within the field (personal communication, 
Doug Malone, Smith-Root, Inc., Vancouver, Washington). Whether these fish had penetrated the field 
further, prior to observation is not known.  

In tests of a pulsed DC graduated electric barrier using gizzard shad Dorosoma cepedianum (150 – 250 
mm), golden shiner Notemigonus crysoleucas (40 – 80 mm), rainbow trout Oncorhynchus mykiss (160 – 
220 mm), brown trout Salmo trutta (170 – 200 mm), and largemouth bass Micropterus salmoides (250 – 
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310 mm) many fish receiving electrical stimulation continued into fields of higher intensity (Barwick and 
Miller 1996). First responses were observed at field strengths of 0.5 – 1.0 V/cm and fish were usually 
repelled at the edge of the field. The barrier blocked passage of 83 – 94% of fish, but those penetrating 
into the electric field beyond 1 V/cm often became excited by the electrical stimulation and darted 
forward, continuing into the barrier [the width of the barrier was 4.5 meters]. The excitement during 
stimulation, which was accompanied by fish darting into fields of increasing intensity, suggests the 
threshold for flight responses may not necessarily indicate a boundary of field strength beyond which 51 
– 76 mm bighead carp will not penetrate, but the boundary for onset of rapid swimming and body-
voltage minimizing behaviors, possibly with continued upstream progress. 

Pegg and Chick (2004) reported successful deterrence of bighead carp in their experiment, but silver 
carp successfully traversed the electric fields. The differences in susceptibility to electric fields 
demonstrated by the bighead carp and silver carp in the work by Pegg and Chick (2004) was most likely a 
product of the size difference between fish (by species) used in the tests. The bighead carp employed in 
the study were adults ≥ 600 mm. Whereas, the silver carp used in the study, which were not deterred by 
the electric field, were ≤ 150 mm. The phenomenon of larger fish having lower thresholds of response to 
a given electric field than smaller fish is significant. This size dependence in effect has been attributed to 
big fish intercepting a greater potential difference (in a given electric field) than smaller fish (Halsband 
1967). The breach of the electric field in the experiment by smaller silver carp illustrates the need for 
research on the effectiveness of the electric barriers on smaller fish. 

Fish behavior is hypothesized to be a risk factor for Barrier effectiveness and is included as biological 
factor in the conceptual Risk Model for Barrier Effectiveness. The nature of the simulations of 
encroachment described previously (Holliman, this report) prevented collection of information on 
volitional challenge of electric fields by the small bighead carp targeted in the experiments. The 
simulations included the assumption that fish would continue into increasingly intense electric fields 
unless rendered incapable of forward progress (i.e., immobilized). If small bighead carp avoid 
increasingly intense waterborne electric fields it may not be necessary to maintain the electric barriers 
at field strengths capable of immobilization, a significant reduction in electrical power requirements and 
equipment wear.  

The objective in this phase of the study was to evaluate volitional challenge of electric fields by small 
bighead carp, electric fields characterized by potential operational protocols for the barriers on the 
Canal. Our approach was to evaluate the incidence and outcomes of challenges to the electric fields 
under controlled conditions, in a relatively shallow circular flume The electric fields in the tests were 
approximately 1/10 the width (upstream-downstream dimension) of electric Barrier IIA on the Canal and 
had markedly greater gradients of field strength compared to those present in the barriers at the Canal 
surface. Thus, the proportions of fish breaching the field in this experiment do not estimate passage rate 
of the electric Barriers on the Canal, the differences in scale and the distributions of electric energy 
between the electric fields in the flume and the electric Barriers on the Canal is too great to allow direct 
inference of outcomes. The experiment does provide invaluable insight into the relative effectiveness of 
the operational protocols applied and the likelihood of volitional challenge and avoidance of waterborne 
electric fields by small bighead carp. This study was a continuation of cooperative efforts between the 
USACE, Chicago District, the USACE, Environmental Laboratory, ERDC (EL-ERDC), Vicksburg, Mississippi 
and Smith-Root, Inc. (SRI), Vancouver, Washington 
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Methods 

 Volitional challenge of waterborne electric fields by small bighead carp was evaluated in a non-
conductive, oval shaped (straight sides, rounded ends), continuous raceway (Figure 4 – 1). The channel 
of the raceway was 30.5 cm x 30.5 cm in the cross-section. The straight sections of the raceway were 
503 cm long with 120 cm viewing windows recessed into the outermost side (recessed approximately 1 
cm). The raceway was filled with water to a depth of 27.5 cm. Water in the raceway was 20.4 to 21.8 
(21.4 ± 0.4) C with an ambient conductivity of 1967 to 2287 (2137 ± 106) µS/cm during the tests.  

An apparatus consisting of five electrodes, a pulsed DC power supply, video cameras, and a device to 
restrict access of fish to the lower water column was installed in one of the two straight sections of the 
raceway (Figure 4 – 1). The five stainless steel electrodes were spaced over a distance of 500 cm along 
the length of the raceway. Electrodes two (E2), three (E3), four (E4), and five (E5) were positioned 120 
cm, 260 cm, 410 cm, and 500 cm upstream from the downstream most electrode (E1). The electrodes 
were 0.74 mm thick, flat, stainless steel, bent into an “L” shape. The vertical aspect of the electrodes 
was electrically insulated. The electrodes rested on the raceway bottom, fitted snugly to the sides of the 
channel. The electrodes were 2.5, 10, or 20 cm wide (E1 and E5, 2.5 cm; E2 and E4, 10 cm; E3, 20 cm). 
The three innermost electrodes were connected to a programmable pulsed DC power supply, with 
electrodes E2 and E4 connected to one polarity (-/+) and E3 to the other. The primary electric field was 
constrained between electrodes E2 and E4. The two outermost electrodes were electrically floating, 
connected together. Electrical connections to all of the electrodes were made above the water surface. 

Non-conductive fiberglass mesh stretched the length of the apparatus restricted fish to the upper 15 cm 
of the water column. The mesh was tautly stretched along the length of the channel, sealed to the sides 
with silicon, and supported in the middle by sections of PVC pipe (1/2 inch diameter). A sheet of 
perforated, non-conductive, plastic positioned immediately upstream of E1 served as a ramp to 
transition fish onto the apparatus (Figure 4 – 1). Flow within the raceway was provided the return of 
water from the external, gravity-fed filtration system. Water was returned to the raceway by two 
submersible pumps located in the filtration system, plumbed to return water in two perforated, cross-
channel pipes (figure 4 – 1). Water current velocity was 6 – 7 cm/s. 

A profile of the electric field generated in the raceway was established via in-water voltage 
measurements. Voltage gradients (E, V/cm) were measured along three transects running the length of 
the apparatus, which were equally spaced across the width of the channel, at 10 cm increments, at 
various depths, using a calibrated digital oscilloscope and a 1 cm probe. The arithmetic means of the 
measurements taken at the points along the apparatus were used to create a base profile of field 
strength (Figure 4 – 2). The intensity of the waterborne electric field decayed rapidly with distance from 
electrodes E2 and E4, as expected. Measurement of the field ceased 60 cm upstream from E1 and 40 cm 
downstream of E5, where field intensity declined to levels indistinguishable from ambient electrical 
noise. Applied voltage was manipulated during the measurement procedures to achieve an ultimate 
field strength of ~0.91 V/cm in the base profile.  

A total of 20 operational protocols, defined by ultimate field strength (V/cm), pulse-frequency (Hz) and 
pulse-duration (ms) were evaluated in the experiment. The operational protocols included the 18 
identified as potentially effective for immobilizing 51 – 76 mm bighead carp in the previous experiments 
[ultimate field field: 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] and the protocol identified to be effective for immobilizing 137 to 280 mm  
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Figure 4 – 1. The apparatus employed in the experiment on volitional challenge of electric fields. A. 
Schematic diagram of the apparatus developed for testing volitional challenge of waterborne electric 
fields by small bighead carp. Five electrodes (E1 – E5) were mounted along the bottom of the channel. 
Non-conductive mesh prevented fish from getting close to the electrodes. B. The continuous raceway 
housing the apparatus for testing volitional challenge of waterborne electric fields in the experiment. C. 
The tests were video-recorded from a vantage point above the electode system. The primary camera is 
indicted by the circle, the second camera was positioned near E5 (not shown). D. A flow-through ramp 
transitioned fish onto the apparatus. E. The non-conductive mesh stretched along the length of the 
apparatus protected fish from intense electric fields in the immediate vicinity of the electrodes. The 
experiment was conducted at the USACE, EL-ERDC, Vicksburg, Mississippi March – April 2010. 
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Figure 4 – 2. Profile of field strength (E, voltage gradient, V/cm) along the apparatus. Field strength 
(V/cm) at various water depths as a function of location along the experimental apparatus. Tests on 
small bighead carp volitional interaction with electric fields were conducted March – April 2010. 

 

 

Figure 4 – 3. Field strength (V/cm) along the apparatus in the trials. Applied voltage was manipulated 
to achieve low 0.79 V/cm, 0.91 V/cm, and 1.02 V/cm levels of ultimate field strength in the tests on 
small bighead carp volitional interaction with electric fields conducted March – April 2010. 

Holliman 2011, SRI 
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silver carp [ultimate field strength: 0.79 V/cm; pulse-frequency: 15 Hz; pulse-duration: 6.5 ms] in the 
pilot study. The operational protocol demonstrated effective in the pilot study was designated the 
baseline protocol for statistical comparisons. Another protocol in the tests was similar to that from the 
pilot study, but employed greater ultimate field strength: 0.91 V/cm, pulse-frequency: 15 Hz, pulse-
duration: 6.5 ms. The voltage applied to the electrodes was manipulated, using the base electric field 
profile as a starting point, to achieve low (0.79 V/cm), medium (0.91 V/cm), and high (1.02 V/cm) levels 
of ultimate field strengths during the trials (Figure 4 – 3). The average field strength of the operational 
protocols tested were 50% to 115% of that of the protocol shown effective for immobilizing small silver 
carp in the pilot study (Table 4 – 1).  

The trials were conducted on groups of fish, five fish per group. Individual fish were randomly assigned 
to groups; groups were randomly assigned to the operational protocols. The 20 operational protocols 
were treated as a replicate in the randomization scheme, with the sequence in which the protocols were 
tested randomized within each replicate. A single group of fish was assigned to each operational 
protocol, within each replicate. There were four replicates, a total of 20 fish per treatment. Fish were 
introduced into the raceway as a group. 

Each of the trials began with a 5-minute period to allow fish to become familiar with the raceway and 
experimental apparatus prior to initiating the electrical test. Preliminary observations showed this 5-
minute period adequate for the groups of fish to begin to swim freely in the raceway. Fish typically 
exhibited positive rheotaxis to the water current flow, swimming continuously into the water current. 

The groups of fish were introduced into a section of the raceway previously blocked off with removable 
nets; fish were constrained to a section of the raceway upon introduction to maintain cohesion of the 
group. After a brief period, the upstream most net was removed. After fish had moved out of the 
immediate area, the remaining block net was removed to provide a continuous raceway. During this 
pre-exposure period, individuals losing association with the group were herded back to the group. In 
many cases, the groups of fish swam the entire raceway several times during the pre-exposure period, 
crossing the apparatus numerous times. Occasionally, individuals or groups swimming upstream 
stopped or hesitated at the ramp, these fish were gently herded up the ramp onto the apparatus. A 
single block net was placed in the raceway arm opposite the experimental apparatus, at the conclusion 
of the pre-exposure period, trapping fish downstream. Fish could only enter the apparatus from the 
downstream direction. Electrical testing was not initiated until all fish within a group crossed the 
experimental apparatus at least once during the pre-exposure period. 

In the trials, the experimental apparatus was energized by the appropriate operational protocol for a 
period of 15 minutes. Care was taken to ensure that no fish were on the apparatus when it was initially 
energized; fish were not in the electric field as it was generated, but approached the field after it had 
been established. Behaviors of the fish and interactions with the electric field were observed and 
cataloged from a vantage point above the raceway. Two video cameras were mounted above the 
raceway; one was trained on the length of the apparatus, the other on the upstream-most edge. Video 
was reviewed to confirm counts of fish breaching the field and and to estimate counts of challenges to 
the field. Fish successfully traversing the apparatus were netted on the upstream side of the apparatus, 
when possible, to prevent multiple crossings. 

Fish were removed from the raceway after completion of the trial and the apparatus was de-energized. 
To minimize stress and handling, fish were individually transferred to a clear plastic bag and total length  



 

88 
 

Table 4 – 1. Average field strength of the operational protocols. The average of the ultimate field 
strength (FS) in the operational protocols applied in the evaluation of volitional challenge of electric 
fields by 51 – 76 mm bighead carp. Percent duty cycle was calculated with % 𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 = 100% ×
(𝑝𝑢𝑙𝑠𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛/𝑇), where 𝑇 (the period of the pulse) was calculated with 𝑇 =  1 𝑝𝑢𝑙𝑠𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦⁄ . 
Average field strength was calculated with 𝐹𝑆𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝐹𝑆(% 𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒). 

 

Ultimate field 
strength (V/cm) 

Pulse-frequency 
(Hz) 

Pulse-duration 
(ms) 

% Duty cycle Ultimate field 
strength 

(V/cm)average 
0.79 15 6.5 9.8 0.08 
0.91 15 6.5 9.8 0.09 
0.79 20 2.0 4.0 0.03 
0.79 25 2.0 5.0 0.04 
0.79 30 2.0 6.0 0.05 
0.91 20 2.0 4.0 0.04 
0.91 25 2.0 5.0 0.05 
0.91 30 2.0 6.0 0.05 
1.02 20 2.0 4.0 0.04 
1.02 25 2.0 5.0 0.05 
1.02 30 2.0 6.0 0.06 
0.79 20 2.5 5.0 0.04 
0.79 25 2.5 6.3 0.05 
0.79 30 2.5 7.5 0.06 
0.91 20 2.5 5.0 0.05 
0.91 25 2.5 6.3 0.06 
0.91 30 2.5 7.5 0.07 
1.02 20 2.5 5.0 0.05 
1.02 25 2.5 6.3 0.06 
1.02 30 2.5 7.5 0.08 

 

 

estimated for each fish through the bag, with fish remaining submersed in water. Afterward, fish were 
segregated in flow-through cages within a holding tank (described previously), which was treated with 
appropriate quantities of Stress Coat®. Survival was monitored for 24 hours and fish were then released 
into the holding tank.  

Data analysis.— Data were pooled across replicate for analysis. The outcomes of interest were the 
proportion of fish successfully traversing the primary electric field and the proportion of successful 
challenges of the electric field between and among the experimental groups. Outcomes were 
summarized via analysis of contingency table margins measures of relative risk, and with descriptive 
statistics. Differences in proportions in the contingency table margins were evaluated with the Pearson 
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Chi-square test (Sall et al. 2007). Counts of fish penetrating the lower aspect of the electric field (E2 – 
E3) and the upper aspect of the field (E3 – E4) and percentage immobilized were reported. 

The relative risk (RR), the ratio of the proportions being compared, was used to estimate risk 
(probability) of successful challenge of the electric fields among the various levels of ultimate field 
strength, pulse-frequency, and pulse-duration defining the operational protocols. Relative risk was also 
used to compare risk for passage and risk for successful challenge of fields generated by the various 
operational protocols compared to the field characterized by the baseline operational protocol. In the 
event of a zero cell in the tables, a constant (value of 1) was added to each cell of the table to allow 
estimation of relative risk (Agresti 1990). An RR exceeding 1.0 indicates an increase in risk of fish passing 
through the field (an undesired effect in this case). An RR less than 1.0 indicates a reduction in risk for 
fish to traverse the field. If RR = 1.0 or if 1.0 is within the bounds of the confidence interval, there is no 
indication of a difference in risk for passage between the operational protocols. Statistical analyses were 
accomplished using JMP statistical software, Version 8 (SAS 2009). 

Results 

No mortality occurred during the 24 hour post-trial period of monitoring. Estimates of total length for 
fish in the experiment ranged from 48 – 82 (mean ± standard deviation; 60 ± 6) mm. 

Fish exhibited positive rheotaxis, usually consistently swimming upstream into the flow of water. After 
the initial crossing of the apparatus during the pre-test phase of the trials, fish usually did not react to 
the presence of the apparatus (specifically the ramp) in the raceway. The fish typically swam in close 
association, as a group. Individuals separated from the group often retreated from the field and sought 
cover. In many cases, however, fish did challenge and interact with the electric field as individuals, often 
attempting to rejoin with individuals or the group as it penetrated the field. It was more common for 
fish to approach and challenge the field in pairs or as a group.  

In many instances, fish followed, or attempted to follow, others into the electric field. As expected, 
smaller fish were less susceptible to the electric field relative to larger fish. Smaller fish appeared to 
penetrate more deeply into the field and to traverse the field more easily than larger fish. Larger fish 
often became immobilized during attempts to follow smaller fish through the field. It was common for 
fish immobilized (stunned) during encroachment upon the field to again challenge the electric field upon 
righting (after being immobilized/stunned and washed out of the electric field by water current flow). 
There were also cases where fish that were in the electric field followed other fish back downstream and 
exited the field.  

During some tests, fish repeatedly challenged the downsteam edge of the field, challenging and re-
challenging the field upon deterrence. Often fish penetrating the field became immobilized repeatedly, 
repeatedly challenging and re-challenging the electric field after becoming tetanized in prior attempts. 
Individuals and groups of fish challenging the edge of the field often swam side-to-side in the channel, 
darting into and out of the field repeatedly. In some cases, groups of fish appeared to charge the field 
after having retreated downstream. In some groups of fish, challenges of the downstream edge of the 
field appeared to be instigated by one or two fish. Fish penetrating the field appeared distressed, usually 
swimming rapidly, with large undulations of the body, progressing upstream in a zigzag fashion; the 
exception was relatively small fish. Depending on the electrical treatment and the size of the fish, 
swimming ability was often interrupted in fish penetrating the field. There were several instances where  
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Figure 4 – 4. Proportions of small bighead carp traversing the field. Proportions of small bighead carp 
successfully traversing the field in the evaluation of volitional challenge of electric fields characterized by 
various operational protocols for electric barriers on the CSSC. Outcomes of tests on a total of 400 fish 
are represented. A randomized block design was employed in the experiment, where tests were 
conducted on groups (five fish), with four replicates, (replicates were treated as blocks). Outcomes were 
pooled across replicate; the proportion of groups of 20 fish successfully traversing the electric fields in 
the tests is shown. 

 

fish that were maintaining position immediately downstream of the field margin immediately swimming 
upstream through the apparatus when the field was de-energized.  

Overall, 153 (38%) fish in the trials traversed the length of the electric field. The proportions of fish 
within the experimental groups (replicates pooled) successfully traversing the electric field varied from 
0.00 to 0.85 (Figure 4 – 4). Risk for successful passage through the field differed significantly among the 
levels of ultimate field strength (0.79 V/cm, 0.51; 0.91 V/cm, 0.35; 1.02 V/cm, 0.27; χ2 = 17.737, P < 
0.0001), pulse-frequency (15 Hz, 0.48; 20 Hz, 0.63; 25 Hz, 0.28; 30 Hz, 0.21; χ2 = 52.734, P < 0.0001), and 
pulse-duration (2.0 ms, 0.43; 2.5 ms, 0.31; 6.5 ms, 0.48; χ2 = 7.302, P = 0.0260) defining the operational 
protocols.  

Risk for fish to traverse the electric field was significantly reduced with operational protocols employing 
0.91 V/cm (RR, 0.68; 95% CI 0.52 – 0.90) or 1.02 V/cm (RR, 95% CI 0.52 – 0.73) compared to those 
applying 0.79 V/cm, but did not differ significantly between those employing ultimate field strengths of 
0.91 V/cm and 1.02 V/cm (RR, 0.76; 95% CI 0.53 – 1.11). Risk for fish to traverse the electric field with 
protocols applying 15 Hz did not differ significantly from those applying 20 Hz (RR, 1.31; 95% CI 0.92 – 
1.87), but was significantly greater compared to protocols applying 25 Hz (RR, 0.60; 95% CI 0.39 – 0.92) 
or 30 Hz (RR, 0.44; 95% 0.27 – 0.71; Figure 4 – 5). Similarly, risk for fish to traverse the electric field was 
reduced with protocols applying 25 Hz (RR, 0.45; 95% CI 0.33 – 0.62) or 30 Hz (RR, 0.33; 95% CI 0.23 –  
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Figure 4 – 5. Relative risk of bighead carp traversing the electric field. The risk of fish to traverse the field 
in tests with the various operational protocols tested compared to the protocol shown effective for 
immobilizing small silver carp in the pilot study (represented by     ). Outcomes of tests on a total of 400 
fish are represented. A randomized block design was employed in the experiment, where tests were 
conducted on groups (five fish) with four replicates (replicates were treated as blocks). Outcomes were 
pooled across replicate; the estimates of relative risk are based on 20 fish per treatment group. 

  

0.49) compared to protocols applying 20 Hz. Risk for successful passage through the electric field did not 
differ significantly between protocols applying 25 Hz and 30 Hz (RR, 0.74; 95% CI 0.45 – 1.15). Risk for 
passage did not differ significantly between protocols applying pulse-durations of 2.0 ms and 6.5 ms (RR, 
0.91; 95% CI 0.63 – 1.32), but was reduced with protocols applying pulse- durations of 2.5 ms when 
compared those applying 6.5 ms (RR, 0.65; 95% CI 0.44 – 0.97) and those applying 2.0 ms (RR, 0.72; 95% 
CI 0.55 –0.94). Risk for small bighead carp to traverse the electric field was significantly reduced with 
0.91 V/cm-2.0 ms-25 Hz, 0.91 V/cm-2.0-30 Hz, 0.1.02 V/cm-2.0 ms-30 Hz, 0.91 V/cm-2.5 ms-30 Hz, and 
1.02 V/cm-2.5 ms-20 Hz, 1.02 V/cm-2.5 ms-25 Hz, and 1.02 V/cm-2.5 ms-30 Hz protocols, compared to 
the protocol serving as the baseline (the protocol effective for silver carp in the pilot study; Figure 4 – 5). 

There were 548 occurrences of fish encroaching upon the lower aspect of the field (the E2 – E3 zone), 
18% of these incursions resulted in fish becoming immobilized. There were 234 instances of fish 
penetrating the upper aspect of the field (the E3 – E4 zone), with fish becoming immobilized in 27% of 
these incursions. There were 98 instances of fish using the recessed (window) area in the side of the 
raceway. The recessed area may have acted as a refuge, providing fish some protection from the electric 
field and water current flow. There were instances of fish entering the recessed area in the lower half of 
the field, exiting in the upper half of the field, and immediately continuing through the field. Although 
the recessed area may have provided some protection from water current flow and the electric field, 
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there was flow in the recessed area and the field did penetrate the recessed area, as there were also 
instances of fish becoming immobilized while in the recessed area and being washed out. 

Fish challenged the electric field a total of 1551 times over the course of the experiment. Of these, 90% 
of the challenges failed, where fish interacted with the field but failed to traverse the field successfully 
[failed to penetrate the field or failed to traverse the field after penetration (immobilized and washed 
out downstream, immobilized and remained in the field or trapped in the field at the conclusion of the 
trial)]. The number of individual challenges varied among the operational protocols, from 30 to 171 (78 
± 39). The proportion of challenges resulting in successful passage through the electric field varied 
among the operational protocols, from 0.00 to 0.50 (Figure 4 – 6). Evidence of statistically significant 
differences in risk for successful challenges of the electric field was present in the analysis of the margins 
of the contingency tables; risk for successful challenge of the electric fields differed among the levels of 
ultimate field strength (0.79 V/cm, 0.17; 0.91 V/cm, 0.09; 1.02 V/cm, 0.05; χ2 = 36.395, P < 0.0001), 
pulse-frequency (15 Hz, 0.16; 20 Hz, 0.22; 25 Hz, 0.07; 30 Hz, 0.04; χ2 = 81.536, P < 0.0001), and pulse-
duration (2.0 ms, 0.13; 2.5 ms, 0.06; 6.5 ms, 0.15; χ2 = 24.473, P < 0.0001; Figure 4 – 6).  

Risk for successful challenge of the electric field was significantly reduced by operational protocols 
applying ultimate field strength of 0.91 V/cm (RR, 0.54; 95% CI 0.38 – 0.76) and 1.02 V/cm (RR, 0.32; 
95% CI 0.22 – 0.48) compared to 0.79 V/cm (Figure 4 – 7). Similarly, risk for successful challenge of the 
field was significantly reduced in protocols applying 1.02 V/cm (RR, 0.60; 95% CI 0.39 – 0.92) compared 
to those applying 0.91 V/cm. Risk for successful challenge of the electric field with operational protocols 
applying 15 Hz did not differ significantly from those using 20 Hz (RR, 1.42; 95% CI 0.90 – 2.25), but was 
significantly greater compared to those applying 25 Hz (RR, 0.45; 95% CI 0.26 – 0.76) and 30 Hz (RR, 
0.25; 95% CI 0.14 – 0.45). Risk for successful challenge of the electric field was significantly reduced with 
operational protocols applying 25 Hz (RR, 0.32; 95% CI 0.22 – 0.46) and 30 Hz (RR, 0.18; 95% CI 0.11 – 
0.28) compared to those applying 20 Hz as well as for protocols applying 30 Hz (RR, 0.56; 95% CI 0.33 – 
0.94) compared to those applying 25 Hz. Risk for successful challenge of the electric field did not differ 
between protocols utilizing 2.0 ms and 6.5 ms pulse-durations (RR, 0.87; 95% CI 0.55 – 1.39), but was 
significantly reduced when protocols utilized pulses of 2.5 ms duration compared to those using pulses 
of 6.5 ms (RR, 0.25; 95% CI 0.25 – 0.67) and those using pulses of 2.0 ms duration (RR, 0.47; 95% CI 0.34 
– 0.66). Risk for successful challenge of the electric fields by small bighead carp was significantly reduced 
with several of the operational protocols tested, compared to the operational protocol effective for 137 
to 280 mm (5.4 to 11 inch) silver carp (Figure 4 – 7).  
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Figure 4 – 6. Proportion of successful challenges. Proportion of challenges by small bighead carp that led 
to fish successfully traversing the electric field in tests with various barrier operational protocols. 
Outcomes of tests on a total of 400 fish are represented. A randomized block design was employed, with 
tests conducted on groups (five fish) with four replicates. Outcomes were pooled across replicate (20 
fish per experimental cell). Numbers above the columns (in parentheses) are counts of challenges to the 
electric field by fish in the experimental groups.  

 

 

Figure 4 – 7. Relative risk for successful challenge of the electric field by small bighead carp. Risk relative 
to that with the operational protocol shown effective for immobilizing small silver carp in the pilot study 
(0.79 V/cm, 15 Hz, 6. 5 ms). Outcomes of test wish a total of 400 fish are represented. A randomized 
block design was employed, with tests were conducted on groups (five fish), with four replicates . 
Outcomes were pooled across replicate; the estimates are based on 20 fish per group. 
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Discussion 

The 6 – 7 cm/s water current flow in the flume, though relatively low, was adequate induce positive 
rheotaxis in small bighead carp, providing motivation to swim upstream. Thus, supporting the behavioral 
characteristic (tendency to swim upstream) reported by Zhong (1990).  

Fish interacting with the electric field were clearly able to discern the downstream-most margin of the 
field. The behaviors at the edge of the field were largely dependent upon the characteristics of the 
operational protocol in the test. For example, in tests with protocols applying 0.91 V/cm or 1.02 V/cm 
ultimate field strengths and pulses at 30 Hz, fish often swam swam side-to-side and darted into and out 
of the field, repeatedly challenging the field. In tests with protocols applying 0.79 V/cm and pulses at 20 
Hz, fish crossing the downstream most boundary sometimes exited the field briefly, then challenged the 
field again and despite apparent distress, progressed upstream in a zig-zag fashion via rapid, large 
undulations of the body (abnormal pattern of swimming). There were numerous occurrences of 
avoidance, where fish encroached upon the lower aspect of the field and immediately retreated 
downstream. There were also numerous occurrences of fish again encroaching upon the field after 
initial interactions and upon recovery from immobilization (tetany, incapacitation) incurred in previous 
incursions into the field. 

The actions of the fish at the downstream margin of the field parallel the anecdotal descriptions of the 
actions of large fish maintaining position in the Canal at the downstream most margins of the low field 
of Barrier IIA. Fish near the water surface have been observed to swim upstream to a point within the 
field then drift down steam, repeatedly (personal communication, Doug Malone, Smith-Root, Inc., 
Vancouver, Washington). The equipotential boundary for penetration of the field, by these large fish, 
occurred near the downstream margin of the low field. 

In the present study, whether field strengths associated with the downstream margin of the field served 
as equipotential boundaries for penetration by fish depended upon the operational protocol applied. In 
many instances, fish maintaining position at the origin of the field swam upstream through the 
apparatus immediately when the field was de-energized. Similar responses may occur on the Canal 
when the barriers are de-energized on purpose or accidentally; fish holding position in the field, or at 
the margin of the field, can be expected to resume upstream progress immediately upon de-energizing 
of the field. Thus, Barrier shutdown presents a significant threat. Development of protocols and 
procedures to prevent fish from progressing upstream in the event of accidental or scheduled shutdown 
of the Barriers is recommended.  

The actions and behaviors of fish upon interacting with the sharply increasing gradients in electrical 
energy associated with the rising side of the high-field, in the screening experiments and the experiment 
with promising protocols previously described (Holliman, this report), indicate this region of the field 
could serve as the equipotential boundaries for incursion by small bighead carp on the Canal. In the 
simulations, flight responses were consistently evoked from fish in this region of the exposure, 
regardless of the operational protocol being tested. Similar responses were often observed in fish 
penetrating the field in the present study; fish penetrating the field appeared distressed, swam rapidly 
and abnormally, and utilized body-voltage minimizing actions. These fish continued upstream, despite 
significant distress, unless immobilized by the actions of the electric field. The rising side of the high-field 
may represent the equipotential boundaries for flight, rapid swimming and body-voltage minimizing 
behaviors, and recovery in fish immobilized during incursions into the high-field.  
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Fish continuing into the field despite electrical stimulation was the scenario applied in the simulations of 
encroachment described previously (Holliman, this report). In contrast, fish in the present study had 
opportunity to avoid the field and to exit the field after swimming into it. Fish actions and behaviors 
indicate they were able to detect the edge of the field and, therefore, could avoid entering or further 
interaction with the field. In many cases, however, fish challenged the field repeatedly. Further, fish 
often continued to challenge the field despite being immobilized (incapacitated) only moments earlier, 
re-challenging the field immediately upon recovery of an upright orientation. Outcomes in the present 
study are in accord with those reported by Barwick and Miller (1996) and support the observations of 
Stewart (1990) that fish receiving electrical stimulation may continue into fields of higher intensity. 

Examination of data from the experiment revealed evidence of overdispersion as well as possible 
interactions in the experimental factors. Dispersion is a measure of the spread of data. Overdispersion 
indicated the variance (spread) of the data was greater than expected from a binomial distribution 
(Ramsey and Schafer 2002). Treatments were applied to fish in groups (5 fish per group). The 
experiment was designed for observations to be treated as independent, based on the expectation that 
fish receiving electrical stimulation would act independent of others in the group. The evidence 
overdispersion indicates that the fish did not act independently, that there was a schooling effect. Thus, 
it may be necessary in future experiments with groups of fish to treat the group as the experimental 
unit, greatly increasing numbers of fish required. For example, the present experiment was conducted 
with 20 treatments and 20 experimental units (one fish per unit); if groups had been the experimental 
unit in this experiment 20 treatments x 20 experimental units (five fish per unit) then 2,000 fish would 
have been required for the experiment. Because there was evidence of overdispersion in the data, the 
p-values and confidence intervals should be regarded as optimistic. Nonetheless, the outcomes of the 
experiment provide clear evidence of differences in relative effectiveness of the operational protocols 
tested and the observations on fish behavior are invaluable to the project. 

Risk for fish to breach the field varied among the operational protocols. Risk for fish to pass through the 
field was significantly reduced with protocols applying ultimate field strengths of 0.91 V/cm or 1.02 
V/cm when compared to those applying 0.79 V/cm. There was no statistical difference in risk for 
passage between the two highest levels of field strength tested, indicating a possible threshold in 
effectiveness at 0.91 V/cm. There was no difference in risk for fish to breach the barrier between 
protocols applying 15 Hz and 20 Hz, but risk was reduced significantly with protocols applying 25 Hz or 
30 Hz. Risk for fish to breach the barrier was not significantly different between protocols applying 25 Hz 
and 30 Hz, possibly indicating a threshold at 25 Hz in effectiveness. Risk for passage was reduced 
significantly when a pulse-duration of 2.5 ms was employed compared to 2.0 ms.  

Risk of successful challenge of the field and risk for successful passage through the field was reduced 
significantly with several of the operational protocols (0.91 V/cm, 25 Hz and 30 Hz, 2.0 ms; 1.02 V/cm, 
30 Hz, 2.0 ms; 0.91 V/cm, 30 Hz, 2.5 ms; and, 1.02 V/cm, 20 Hz and 25 Hz and 30 Hz, 2.5 ms) as 
compared to the protocol shown effective for small silver carp in the pilot study (0.79 V/cm, 15 Hz, 6.5 
ms), the baseline. The ultimate field strength and pulse-frequency were greater in the operational 
protocols that reduced risk for successful challenge and passage compared to the baseline protocol. 
However, the pulse-duration was only 31% or 38% of that in the baseline protocol (2.0 ms and 2.5 ms 
versus 6.5 ms). Comparison of average field strength between the operational protocols reducing risk of 
passage with that of the baseline demonstrates as much as 41% reduction in average field strength. 

Outcomes in the simulations in the screening and model development experiments indicate that 
penetration of the low field of Barrier IIA is likely, regardless of the operational protocol employed. The 
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actions and behaviors of fish in the present study, with consideration of actions and behaviors in the 
simulations of encroachment previously described (Holliman, this report), indicate the sharply increasing 
gradients on rising side of the high field may serve as equipotential boundaries for the onset of flight in 
51 – 76 mm fish, but not avoidance. The continued challenge of the downstream margin of the electric 
field in the present study indicate it prudent to assume that fish will not avoid the high-field of Barrier 
IIA but will likely penetrate the high-field to the extent that they can. The operational protocol for the 
Barrier should be adequate to stun the smallest fish of interest. The outcomes of the present study 
indicates the behavior of 51 – 76 mm bighead carp to increase risk for breach of the Barrier, providing 
support for inclusion of behavior as a risk factor in the conceptual Risk Model for Barrier Effectiveness. 
The motivation for repeatedly challenging the electric field, with the exception of water current flow 
and apparent desire to follow others in the cohort, is not known. The trials in the experiment were only 
15 minutes in duration. Additional study to evaluate volitional challenge of electric fields under various 
conditions of flow over longer periods of time is warranted.  

The use of the recessed windows in the raceway provides indirect support for inclusion of habitat as a 
risk factor in the conceptual Model for Barrier Effectiveness. In the experiment, the recessed area in the 
raceway provided fish some protection from water flow and the electric field. Although observations of 
refuge use was not quantified and were anecdotal, use of the refuge by fish in the experiment appeared 
to increase risk for breach of the electric field. A similar circumstance could occur on the Canal, where 
cracks and crevices in the walls of the CSSC at the barrier field could afford small fish protection from 
water current flow and the electric field, allowing fish to recover from electrical exposure negating any 
cumulative effects of low gradient electrical exposure. Evaluation of cracks and crevices in the walls of 
the CSSC, within the barrier fields, as potential refuges is warranted. 
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5 – Effects of Water Velocity on Risk for Breach of Barrier Electric Fields by Small 
Bighead Carp 

 

Summary.—Water velocity influences risk for breach of the barrier fields by invasive fishes. In 
experiments described previously, positive rheotaxis (swimming against the flow) was observed in 51 – 
76 mm bighead carp in water flowing at 7 cm/s, but was absent with water flowing at 3 cm/s. Increases 
in the velocity of water flow may reduce risk for breach of the barrier field by encroaching fish by: (1) 
sweeping fish that attempt to minimize body-voltage back downstream, (2) forcing increased periods of 
alignment with the direction of electric current flow, (3) by magnification of deleterious effects of 
electroshock on swimming capabilities, and (4) through effects of electroshock associated with 
increased exposure duration. The effects of operational protocol and water velocity on risk for fish to 
maintain position during exposure to barrier field was evaluated in a controlled experiment. Small 
bighead carp [44 to 93 mm (1.7 – 3.7 inches) total length] were exposed to simulated barrier fields 
characterized by various operational protocols (ultimate field strength: 0.79 or 0.91 V/cm; pulse-
frequency: 15, 20, or 25 Hz; pulse-duration: 2.0 or 6.0 ms) in water flowing at 7, 15, or 22 cm/s. Fish 
were exposed to homogeneous electric fields that changed in field strength over time to mimic the 
exposure of fish swimming through the Barrier IIA field, at the surface of the Canal. A total of 440 
bighead carp, 20 fish per treatment group were used in the experiment. In comparisons among 
operational protocols applying pulses of 2.0 ms duration, risk for fish to maintain position in the field 
was significantly reduced by ultimate field strength of 0.91 V/cm as compared to 0.79 V/cm (0.36 versus 
0.68; RR, 0.53, 95% CI 0.43 – 0.66), and pulse-frequency of 20 (RR, 0.80; 95% CI 0.65 – 0.98) or 25 Hz (RR, 
0.40; 95% CI 0.29 – 0.55) as compared to 15 Hz (0.69) and 25 Hz (RR, 0.50; 95% CI 0.36 – 0.70) when 
compared to 20 Hz. Risk for fish to maintain position during the exposures was significantly reduced 
when water velocity was 22 cm/s (RR, 0.39; 95% CI 0.29 –0.51) or 15 cm/s (RR, 0.54; 95% CI 0.42 – 0.68) 
compared to when it was 7 cm/s. There were no significant differences in risk for fish to maintain 
position between the various protocols and the protocol found effective for immobilization of small 
silver carp in the pilot study. Evaluation of water velocity and discharge data (retrieved from the USGS 
real-time monitoring site 05536890 CHICAGO SANITARY AND SHIP CANAL NR LEMONT, IL showed mean 
stream velocity, from January 2005 through June 2010 (~2000 readings), was 21.6 (± SD, ± 13) cm/s, 
daily mean velocity during this period exceeded 50 cm/s on 4% of the days, 22 cm/s on 37% of the days, 
15 cm/s on 72% of the days, and 7 cm/s on 97% of the days. Risk for estimated daily mean water 
velocity to fall below 15 cm/s (the threshold for reducing risk in the experiment) was greatest in the 
month of November and least in the month of August. There was no indication of flow reversal in the 
estimates of daily mean velocity. Examination of finer scale discharge data, readings each minute from 
3/1/2010 through 6/29/10, showed as incidence of reverse flow of 0.09% (159/169,478 minutes). 
Velocity of reverse flow was from -0.03 to -21 (-2.4 ± 3) cm/s, with 11 instances of flow exceeding -7 
cm/s, with a single reading that exceeded 15 cm/s (the maximum of -21 cm/s). In the present study, 
exposure to field strengths associated with the low field sometimes interrupted normal swimming, but 
there was no significant effect on fish swimming capability as all fish maintained position during the 
exposure. The onset of flight, however, was accompanied by fish being swept downstream. Thus, the 
high gradients of the rising side of the high field may indicate equipotential boundaries for penetration 
of the barrier field by small bighead carp, in flowing water. The outcomes in the present experiment 
indicate risk for breach of the barrier is reduced when water current velocity is ≥ 15 cm/s. 
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Introduction 

Water current velocity is hypothesized to influence risk for breach of the barrier by invasive fishes and is 
included as a risk factor in the Conceptual Risk Model for Barrier Effectiveness (Holliman, this report). 
Prior research demonstrated that risk for breach of the electric barriers on the CSSC by nuisance invasive 
fishes is influenced by technical, biological, and environmental factors (Holliman, this report). The 
operational protocol (ultimate field strength, pulse-frequency, pulse-duration), a technical factor, 
strongly influenced risk for failing to immobilize small bighead carp, in simulations of encroachment. An 
inverse relation was demonstrated between fish size, a biological factor, and risk for breach of the 
barrier, where risk for breach of the barrier was reduced as fish size increased. Fish behavior, a 
biological factor, was demonstrated to influence risk for breach of the barrier, as fish repeatedly failed 
to avoid electric fields. The actions of the waterborne electric field on encroaching fish ultimately 
depend on the transfer of adequate quantities of electric energy from field to fish. The efficiency of this 
transfer decreases as the conductivity of water in the Canal increases (within the range of conductivity 
of water in the Canal). Thus, water conductivity, an environmental factor, influences risk for breach of 
the barrier by invasive fishes. It is hypothesized that water current flow velocity, another environmental 
factor, influences risk for breach of the barrier by invasive fishes, where risk for breach of the barrier is 
hypothesized to be inversely related to water current velocity. 

The simulations of encroachment employed in the prior studies assumed no or very low water current 
flow as a worst-case scenario. The electric barriers on the Canal utilize cross-channel electrodes; the 
direction of electric current flow within the field parallels the direction of water current flow on the 
Canal. Fish encroaching upon the electric barrier experience the greatest electrical exposure (greatest 
body-voltage) when oriented parallel with the direction of electrical current flow (upstream-
downstream direction). The intensity of the the electrical exposure, for fish encroaching upon the 
electric barrier, decreases as fish alignment deviates from parallel; body-voltage (electrical exposure) is 
minimum when fish are aligned perpendicular to electric current flow. 

Silver carp, bighead carp and common carp share the behavioral characteristics of swimming against the 
flow (Zhong 1990). In experiments described previously, positive rheotaxis was observed in 51 – 76 mm 
bighead carp in water flowing at 7 cm/s, but was absent with water flowing at 3 cm/s, (Holliman, this 
report). Thus, when water current flow on the Chicago Ship Canal is ≥ 7 cm/s conditions may be 
favorable for water current flow to induce swimming against the flow in small bighead carp leading to 
challenge of barrier fields. However, if flow velocity exceeds the swimming capabilities of these small 
fish, they will be unable to progress upstream to challenge the barrier field. Under conditions of little or 
no water flow in the Canal, where positive rheotaxis (swimming against the flow) is not induced, the 
motivation for fish to challenge the electrical barrier is uncertain, but it is prudent to consider invasive 
fishes attempting to cross the barrier under this worst-case scenario. It is conceivable that under 
conditions of reverse flow on the Canal, if the flow is of sufficient magnitude to induce positive 
rheotaxis, invasive fish could swim into the flow away from the electric barriers.  

Increases in the velocity of water flow may reduce risk for breach of the barrier by encroaching fish 
through sweeping fish that attempt to minimize body-voltage back downstream, forcing increased 
periods of alignment with the direction of electric current flow, by magnification of impacts of 
electroshock-induced reductions on fish swimming capabilities, and through effects associated with 
increased exposure duration. As the velocity of water flow increases, fish must align parallel with the 
direction of water flow to progress forward or hold position in the flow. The need to align with the 
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direction of water current flow, which simultaneously results in maximum electrical exposure, will 
compete with the need to minimize body-voltage by turning to the side, and being swept downstream. 

Flight responses [rapid non-directed swimming and body-voltage minimizing behaviors] that often 
progressed into forced swimming and immobilization, were consistently induced in fish during 
simulations of encroachment into the electric field of Barrier IIA, upon exposure to the rising side of the 
high-field (Holliman, this report). The threshold field strengths for flight responses (in the simulations) 
likely represents the point in the electric field where small fish will dart either forward into the 
increasing field, or turn to the side to minimize body-voltage and progress along an equipotential line 
(Vibert 1967) or retreat downstream. Fish penetrating the electric barrier to the extent of receiving 
unpleasant stimulation (e.g., flight response) would experience reduced electrical exposure (body-
voltage) upon turning perpendicular or near perpendicular to the direction of electric current flow, 
providing motivation for fish to maintain the orientation. Under conditions of no water current flow, fish 
turning near perpendicular to the direction of electric current flow, but still slightly upstream, could 
breach the barrier if the electrical stimulus is insufficient to render fish incapable of forward progress. 
Under conditions of flow, fish reducing body-voltage by turning to the side simultaneously orient 
perpendicular to the direction of water current flow and are swept downstream.  

Risk to breach the barrier may be inversely related to water velocity though electroshock-induced 
reductions in swimming performance, through interference with normal neuro-muscular function. Fish 
swimming is a complex neuromuscular activity characterized by a rostro-caudal pattern of muscle 
activity resulting in undulatory motions that project fish forward (Wardle et al. 1995; Altringham and 
Ellerby 1999). If of sufficient magnitude, electric current introduced into the flesh of fish will override 
normal neuro-muscular transmissions. The induction of forced-swimming during the simulations, where 
flight often progressed into forced swimming behaviors, indicates interruption of the normal function of 
the neuro-muscular system and potential impairment of fish swimming ability. Depending on the 
magnitude and characteristics of electric current introduced, normal functioning of the nervous system 
may be interrupted and muscles involuntarily contracted (immobilization, tetanus). The threshold for 
interruption of volitional muscle activation (demonstrated by forced-swimming) was below that for 
complete immobilization. Thus, the threshold for electric current-induced impairment of swimming 
ability can be expected to be below the threshold for immobilization. If the interruption of normal 
muscle function will be sufficient to prevent upstream progress by fish encroaching upon the electric 
barrier is not known.  

Swimming into the flow reduces the maximum forward progress possible by fish with the maximum 
forward progress inversely related to water flow velocity. Thus, as water flow velocity increases the 
minimum time for fish to traverse the field also increases. Risk to breach the barrier may be inversely 
related to water velocity through increased duration of exposure and manifested physiologically. A 
minimum duration of exposure was assumed the worst-case scenario in the simulations of 
encroachment described previously (Holliman, this report). It is hypothesized that longer exposure 
periods would increase probability of immobilization and shorter exposure periods would decrease 
probability of immobilization. The 88 second duration in the simulations (88 seconds) was calibrated to 
the estimated maximum sustainable swimming speed for 51 – 76 mm bighead carp and represented the 
minimum duration of exposure on the Canal (based on 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 Notropis mekistocholas (25 – 65 mm length; Holliman et al. 
2003), in the context of electrofishing. Sternin et al. (1976) noted that the reaction of an organism 
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depends not only on the intensity of an action at an instant, but on the overall volume of the stimulant 
also. 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, 
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). Thus, increases in water velocity are 
expected to increase the time necessary for fish to traverse the electric field, increasing the duration of 
exposure, decreasing risk for breach of the barrier.  

The objective in this phase of the study was to evaluate the relation between water current velocity on 
the Chicago Sanitary and Ship Canal and risk for breach of the electric barrier by 51 – 76 mm bighead 
carp. The objective was achieved by evaluating the outcomes of simulations of encroachment upon 
electric barrier IIA by 51 – 76 mm bighead carp under various conditions of flow (water velocity). In the 
simulations, an electric field was generated in a variable flow swim tunnel (Brett Swim tunnel). The 
intensity of the electric field was varied over the course of the trials to simulate the electrical exposures 
to fish traversing barrier IIA at the surface of the Canal would experience. Various operational protocols 
[(ultimate field strength (V/cm), pulse-frequency (Hz), pulse-duration (ms)] were evaluated at various 
rates of water velocity. The operational protocols evaluated were within the estimated output 
capabilities of Barrier IIA with water conductivity in the Canal at 2000 µS/cm. The duration of the 
electrical exposures were calibrated to the maximum estimated net swimming speed, the difference 
between the estimated maximum sustainable swimming speed and water current flow velocity. The 
primary outcome of interest in the experiment was the proportion of fish maintaining position (not 
impinged upon the swim tunnel posterior screen) during electrical exposures. 

The need to evaluate effects of water current flow on risk for breach of the electric barriers on the Canal 
was critical. Unfortunately, prior experimentation exhausted stores of available fish. Rather than forgo 
the experiment, fish from the experiment on volitional challenge of electric fields (Holliman, this report) 
were reused in the present study. Electrical exposure to individual fish in the volitional challenge 
experiment varied markedly. The effects that the previous electrical exposures may have on outcomes 
in the present study are unknown. 

Methods 

The ability of small bighead carp encroaching upon the field of Barrier IIA to maintain position in the 
barrier field under various conditions of water current flow was simulated under controlled conditions. 
The experiment was conducted at the USACE, Aquatic Ecosystem Research and Development Center, 
Environmental Laboratory, Engineer Research and Development Center, Vicksburg, Mississippi from 23 
March 2010 to 8 April 2010. Pond cultured bighead carp previously used in the experiment on volitional 
challenge of electric field previously described (Holliman, this report) were used in the study.  

Simulations of encroachment into the field of Barrier IIA by small bighead carp, under various conditions 
of water current flow, were conducted in the rectangular portion (57.5 cm x 52.1 cm, with 152.4 cm 
electrode spacing) of a Brett Swim Tunnel (Figure 5 – 1). The swim tunnel was a closed, recirculating 
system, with water flow generated by a spinning propeller, which was controlled by a variable speed, 
electric motor. Rates of water velocity in the test tank were established with measurements taken at 
locations equally spaced along the length and across the width of the chamber,  
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Figure 5 – 1. Brett swim tunnel. A. Schematic diagram the Brett Swim Tunnel employed in the 
simulations of encroachment by small bighead carp. The simulations were conducted with water flowing 
at 7, 15, or 22 cm/s (controlled by the variable speed propeller motor). Pulsed DC was applied to the 
plate electrodes in a fashion that simulated exposure to fish encroaching upon the field of Barrier IIA on 
the CSSC. The outcome of interest was the proportion of fish maintaining position within the flowing 
water during the electrical exposure [i.e., not impinged upon the back screen (which covered the 
electrode)]. The experiment was conducted at the USACE, EL–ERDC, Vicksburg, MS, 30 March – 7 April 
2010. B. The Brett Swim Tunnel employed in the experiment conducted at the USACE, EL–ERDC, 
Vicksburg, Mississippi, 3 September to 30 December 2009. 

Not to scale 

A
 

B
 



 

103 
 

at depths 8 cm, 25 cm, and 43 cm off the bottom, replicated three times, using a digital, rod-suspended 
water current meter.  

The strength of the electric field in the swim tunnel varied over the course of the electrical exposures to 
simulate that experienced by fish traversing the field of Barrier IIA at the surface of the Canal (Figure 5 – 
2). Water in the swim tunnel was between 19.4 and 20.7 (20.11 ± 0.43) °C with ambient conductivity 
from 1961 to 2084 (2027 ± 42) µS/cm. Experimental protocols and procedures were similar to those in 
the screening and directed experiments. 

A total of 21 operational protocols, including a null treatment, were evaluated in the trial. The barrier 
operational protocols applied in the simulations where characterized by a DC pulse-duration of 2 ms, a 
pulse-frequency of 15 Hz, 20 Hz, or 25 Hz, and ultimate field strengths of 0.79 V/cm or 0.91 V/cm (Figure 
5 – 2). Additionally, a protocol similar to that shown effective for immobilizing 137 to 280 mm silver carp 
was included in the experiment [ultimate field strength, 0.79 V/cm; pulse-frequency, 15 Hz; pulse-
duration, 6.0 ms]. The operational protocols were applied with water flowing at 7 (± 1) cm/s, 15 (± 4) 
cm/s, and 22 (± 4) cm/s. Fish were monitored during the simulations to determine whether fish 
maintained position or were swept back and pinned on the posterior screen of the swim tunnel 
(impinged on the back screen). Two video cameras were trained on the test tank, recording actions and 
behaviors of fish during the treatments. Video was reviewed to confirm and refine outcomes of the 
simulations. 

Fish challenging the electric field of Barrier IIA would be traveling upstream, against the direction of 
water current flow. The duration of the simulations, which determined rates of change in field strength, 
was calibrated to estimated time for required for small bighead carp to traverse the ~ 44 meter electric 
barrier under various conditions of 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, USACE, Environmental Laboratory – Engineer Research Development Center, Vicksburg, 
Mississippi). The exposure periods in the simulations were based on a swimming speed of 50 cm/s, 
exposures of 88 seconds under conditions of no flow. 

Any water current flow in the Canal reduces the rate of forward progress of fish challenging the electric 
field, increasing the amount of time fish would be in the electric field. The duration of the simulations 
was calibrated to the “net swimming speed”, the difference between a swimming speed of 50 cm/s and 
the water current velocity in the test. The simulations were 103, 123, or 154 seconds duration, 
conducted with water velocity at 7 cm/s, 15 cm/s or 22 cm/s (Figure 5 – 2).  

The simulations of encroachment were conducted with groups of fish, five fish per group. Individual fish 
were randomly assigned to groups; groups were randomly assigned to the operational protocol being 
tested. There were 21 experimental treatments (20 combinations of operational protocol and water 
current flow and a null treatment group) evaluated. The operational protocols applied ultimate field 
strength of 0.79 V/cm or 0.91 V/cm, pulse frequencies of 15, 20, or 25 Hz, at a pulse-duration of 2 ms. 
Simulations of encroachment applying the operational protocol similar to that effective for immobilizing 
small silver carp in the pilot study (ultimate field strength: 0.79 V/cm; pulse-frequency: 15 Hz; pulse-
duration: 6.0 ms) were conducted at each of the water velocities to provide a baseline for comparison. 
The sets of operational protocols were treated as replicates in the randomization scheme, with the  
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Figure 5 – 2. 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 current flow in the Canal. 
The simulations were applied at ultimate field strengths of 0.79 V/cm and 0.91 V/cm. The durations of 
the exposures (103 s, 123 s, 154 s) were calibrated to a swimming speed of 50 cm/s, matched with 
water flow velocity (7 cm/s, 15 cm/s, 22 cm/s), and simulated the time required for small bighead carp 
to traverse the 44 m field of Barrier IIA. The experiment was conducted at the USACE, EL–ERDC, 
Vicksburg, Mississippi, 30 March – 7 April 2010. 

sequence in which the protocols were tested randomized within each replicate. The goal for the 
experiment was four replicates, a total of 20 fish per operational protocol. 

It was necessary to reuse bighead carp from the volitional behavior experiment because of limited fish 
availability, (Holliman, this report). Because the effects that the prior electrical exposure may have had 
on the fish were unknown, it was necessary to establish fitness of the experimental animals prior to use 
in this experiment. Prior to the electrical simulation, fish were transferred to the swim tunnel as a group 
and left undisturbed for a period of 15 minutes with water velocity at 0 cm/s. Water velocity in the swim 
tunnel was then increased to 7 cm/s for 5 minutes, then to 15 cm/s for 5 minutes, and then to 22 cm/s 
for 5 minutes. Water velocity was then reduced to 0 cm/s for 5 minutes (a 5-minute recovery period) 
prior initiation of the electrical tests. The group was replaced if fish struggled or failed to hold position 

Water velocity; exposure period; field strength 
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during this “fitness test”. The simulations of encroachment were conducted immediately following the 
completion of the 35-minute cycle of recovery-swim-recovery. The ability of fish to maintain position in 
the tank in the absence of electrical exposure was established with a total of 20 fish (4 groups of five), 
randomly designated as controls (null treatment). In the null treatment, instead of electrical exposure 
after the “fitness test”water velocity was increased to 22 cm/s, the maximum velocity employed in the 
simulations, for a period of 154 seconds (the maximum period of the simulations).  

Data analysis.— Data were pooled across replicate for analysis. The outcomes of interest were 
proportions of fish maintaining position (not impinged upon the posterior screen of the swim tunnel) 
during the simulations. Outcomes were summarized via analysis of contingency table margins, including 
measures of relative risk and descriptive statistics. Statistical significance was evaluated with the 
Pearson chi-square test (Sall 2007). The relative risk (RR), the ratio of the proportions being compared, 
was used to estimate risk (probability) for failing to impinge fish during the simulation (i.e., fish 
maintained position in the field) between the various levels of the factors defining the operational 
protocols. The operational protocol similar to that effective for immobilizing 137 to 280 mm silver carp 
[ultimate field strength: 0.79 V/cm; pulse-frequency: 15 Hz; pulse-duration: 6.0 ms] was designated a 
baseline for comparisons of risk for failing to impinge fish during the simulation. The RR was used to 
estimate risk of fish not being impinged between the operational protocols under consideration and the 
baseline protocol, within each of the levels of water velocity, and to compare risk between levels of 
water velocity when the baseline protocol was applied. In the event of a zero cell in the tables, a 
constant (value of 1) was added to each cell of the table to allow estimation of relative risk (Agresti 
1990). An RR exceeding 1.0 indicates an increase in risk of failing to impinge fish (an undesired 
outcome). An RR less than 1.0 indicates a reduction in risk for failing to impinge fish during the 
simulation. If RR = 1.0 or if 1.0 is within the bounds of the confidence interval, there is no indication of a 
difference between the operational protocols in risk for failing to impinge fish.  

Water velocity and discharge data were retrieved from the USGS real-time monitoring site  
05536890 CHICAGO SANITARY AND SHIP CANAL NR LEMONT, ILxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
(http://waterdata.usgs.gov/il/nwis/uv/?site_no=05536890&PARAmeter_cd=00065,00060). Linear 
regression of discharge (cubic feet per second) on water velocity (feet per second), acquired every 
minute from 3/1/2010 – 6/29/2010, was employed to establish the relation between the two variables. 
The resulting regression equation was applied to mean daily discharge data from 1/1/2005 – 6/27/2010 
to estimate mean daily water velocity (feet per second) over the period, which were converted to cm/s. 
The distribution of estimated daily mean velocities were summarized via outlier boxplots, where the 
lower edge of the box represented the lower quartile, the upper edge the upper quartile [the distance 
between the upper and lower edges is the interquartile range (IQR)], and the middle of the box 
represented the median. The tails of the box extend to farthest point falling within 1.5 x IQR (Sall et al. 
2007). Percentages were used to summarize counts of daily mean velocity exceeding 7 cm/s, 15 cm/s, 
22 cm/s, and 50 cm/s. The proportion of days per month with daily mean velocity less than 7 cm/s, 15 
cm/s, 22 cm/s, and 50 cm/s, over this period, was used to quantify risk associated with water velocity by 
month. Statistical analyses were accomplished using JMP statistical software, Version 8 (SAS 2009). 

Results 

A total of 440 bighead carp, from 44 to 93 (61 ± 7) mm total length and weighing from 0.7 to 7.2 (2.1 ± 
0.8) grams, were used in the experiment. No fish were impinged upon the swim tunnel posterior screen 
during the recovery-swim-recovery fitness tests conducted prior to the simulations. No fish designated 
as controls were impinged on the back screen during the experimental treatments. 
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All fish maintained position within the field during the simulations of encroachment during exposures to 
field strengths associated with the low-field. There were behavioral manifestations of electrical 
exposure to field strengths associated with the low-field, as normal swimming patterns were 
interrupted, by starts, jerks, vibrations, and increased rates of tail-beats. Flight responses, forced-
swimming, and immobilization were induced upon exposure to the high-field. Fish demonstrated a 
tendency to collect near the upstream-most screen prior to exposure to the rising-side of the high field, 
indicating water current velocity was less than the maximum swimming speed and that swimming 
performance was not severely impeded . In most cases, exposure to the rising-side of the high field 
resulted in rapid, non-directed swimming and fish being swept or drifting back in the swim tunnel 
toward the downstream most screen, regardless of whether or not impingement eventually occurred. 
Anecdotal observation of fish response during exposure to field strengths associated with the low field 
indicate fish reacted more strongly to the cathode than the anode. 

A total of 212 (50%) fish were maintained position in the electric fields (were not impinged) during the 
simulations of encroachment. Proportions of fish not impinged ranged between 1.00 and 0.05 (Figure 5 
– 3). Analysis of contingency table margins demonstrated that the proportions of fish not impinged 
during the simulations differed significantly among the three levels of water velocity (7 cm/s, 0.76; 15 
cm/s, 0.44; 22 cm/s, 0.30; χ2 = 56; P < 0.0001). Risk for failing to impinge fish during the electrical 
exposures was significantly reduced when water current velocity was 22 cm/s (RR, 0.39; 95% CI 0.30 – 
0.52) or 15 cm/s (RR, 0.57; 95% CI, 0.45 – 0.72) compared to when it was 7 cm/s. Similarly, risk for failing 
to impinge fish during the simulations of encroachment was significantly reduced when water current 
velocity was 22 cm/s compared to when it was 15 cm/s (RR, 0.69; 95% CI 0.49 – 0.94).  

In comparisons among operational protocols applying pulses of 2.0 ms duration, risk for failing to 
impinge fish during the simulations was significantly reduced with operational protocols applying an 
ultimate field strength of 0.91 V/cm compared to those applying 0.79 V/cm (0.36 versus 0.68; RR, 0.53, 
95% CI 0.43 – 0.66). Proportions of fish not impinged during the simulations differed significantly among 
the pulse frequencies characterizing the operational protocols (15 Hz, 0.69; 20 Hz, 0.55; 25 Hz, 0.28; χ2 = 
42; P < 0.0001). Risk for failing to impinge fish was significantly reduced when 20 Hz (RR, 0.80; 95% CI 
0.65 – 0.98) or 25 Hz (RR, 0.40; 95% CI 0.29 – 0.55) was applied in the operational protocols compared 
to when 15 Hz (0.69) was applied. Similarly, risk for failing to impinge fish was significantly reduced 
when operational protocols employed a pulse-frequency of 25 Hz (RR, 0.50; 95% CI 0.36 – 0.70) 
compared to when 20 Hz was applied. Proportions of fish not impinged differed significantly among the 
three rates of water velocity (7 cm/s, 0.78; 15 cm/s, 0.42; 22 cm/s, 0.31; χ2 = 61; P < 0.0001). Risk for fish 
to not be impinged during the simulations was significantly reduced when water velocity was 22 cm/s 
(RR, 0.39; 95% CI 0.29 –0.51) or 15 cm/s (RR, 0.54; 95% CI 0.42 – 0.68) compared to when it was 7 cm/s, 
but not when water velocity was 22 cm/s (RR, 0.73; 95% CI 0.52 – 1.03) compared to 15 cm/s (Figure 5 – 
4).  

Risk for failing to impinge fish in simulations applying the baseline protocol (field strength, 0.79 V/cm; 
frequency, 15 Hz; pulse-duration, 6.0 ms) was significantly reduced when water velocity was 22 cm/s 
(RR, 0.21; 95% CI 0.09 – 0.51) or 15 cm/s (RR, 0.42; 95% CI 0.24 – 0.73) compared to when water velocity 
was 7 cm/s, but was not significantly different between water velocities of 22 cm/s (RR, 0.5; 95% CI 
0.18– 1.40) and 15 cm/s. No obvious patterns were apparent among simulations with the various  
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Figure 5 – 3. Proportion of small bighead carp not impinged in simulations. Proportion of small bighead 
carp not impinged during simulations of encroachment into the electric field of Barrier IIA on the 
Chicago Sanitary Ship Canal under various conditions of water flow. The various operational protocols 
were applied in the simulations in a swim tunnel. Outcomes of tests on a total of 400 fish are 
represented. A randomized block design was employed in the experiment, where tests were conducted 
on groups (five fish), with four replicates (replicates were treated as blocks). Outcomes were pooled 
across replicate; the proportion of groups of 20 fish maintaining position within the electric fields (not 
impinged) during the electrical exposures is represented. No fish in the null treatment group (control) 
were impinged during the tests. 

 

operational protocols in the risk for failing to impinge fish relative to those simulations applying the 
baseline protocol. In most cases, the 95% confidence intervals about the point estimates of RR 
included1.0, indicating no significant difference in risk for failing to impinge fish in the simulations with 
the various operational protocols relative to the protocol employed as a baseline (Figure 5 – 4).  

A strong relation was apparent between discharge [cubic feet per second (fps)] and steam velocity (fps; 
Figure 5 -5). The simple linear regression of stream velocity on discharge data collected from 3/1/2010 
through 6/29/2010 was significant (P < 0.00001) and provided R2 = 0.998 and the equation 
𝑠𝑡𝑟𝑒𝑎𝑚 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦,𝑓𝑝𝑠 =  −0.02813 + 0.000251(𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒, 𝑐𝑢𝑏𝑖𝑐 𝑓𝑝𝑠). Application of the regression 
equation to daily mean discharge data from 1/1/2005 – 6/27/2010 provided estimates of stream 
velocity from 5 to 129 cm/s (Figure 5 – 6). The estimated mean stream velocity from January 2005 
through June 2010 was 21.6 (± SD, ± 13) cm/s. 

From January 2005 through June 2010, estimated daily mean velocity was ≥ 50 cm/s for 4% of the days, 
≥ 22 cm/s for 37% of the days, ≥ 15 cm/s for 72% of the days, and ≥ 7 cm/s for 97% of the days (Figure 5 
– 7). Risk for estimated daily mean water velocity to fall below 15 cm/s was greatest in the month of  
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Figure 5 – 4. Relative risk for fish to maintain position. Relative risk of small bighead carp not being 
impinged (to maintain position) during simulations of encroachment into the electric field of Barrier 
IIA, on the Chicago Sanitary and Ship Canal, with various operational protocols, at various rates of of 
water flow velocity. Risk for fish to not be impinged during simulations with each protocol was 
compared with risk from simulations applying an operational protocol similar to that effective for 
immobilizing small silver carp in the pilot study [ultimate field strength: 0.79 V/cm; pulse-frequency: 
15 Hz; pulse-duration: 6.0 ms] conducted at the same water velocity. That is, risk comparisons were 
made within levels of water velocity. Outcomes of tests on a total of 420 fish are represented. A 
randomized block design was employed in the experiment, where tests were conducted on groups of 
fish (five fish per group), with four replicates (replicates were treated as blocks). Outcomes were 
pooled across replicate; the estimates of relative risk are based on 20 fish per treatment group. No 
fish in the null treatment group (control) were impinged during the tests. 
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Figure 5 – 5. Water velocity as a function of discharge on the Canal. Discharge and stream velocity 
data for the Chicago Sanitary Ship Canal from 3/1/2010 – 6/29/2010 retrieved from station USGS 
05536890 located near Lemont, IL. 

 

 

Figure 5 – 6. Boxplots and point estimates of daily mean water velocity on the Canal. Daily mean 
velocity (cm/s) for the Chicago Sanitary Ship Canal, by month (1 – 12) and year from 1/2005 to 
6/2010, was estimated from daily mean discharge data collected at the USGS monitoring station 
(05536890) located near Lemont, IL. Mean water velocity was 21.6 (± 13) cm/s for the period. 
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Figure 5 – 7. Risk for daily mean water velocity to be less than 15 and 22 cm/s. Risk for daily mean water 
velocity (cm/s) to be less than 15 or 22 cm/s on the Chicago Sanitary Ship Canal by month. Data were 
estimated from daily mean discharge data collected at the USGS monitoring station (05536890) located 
near Lemont, IL.  

 

November and least in the month of August. Risk for estimated daily mean velocity to fall below 22 cm/s 
was greatest in November and least in September (Figure 5 – 7). 

Examination of discharge data collected each minute from 3/1/2010 through 6/29/10 showed a 0.09% 
incidence of reverse flow (159/169,478) at the gage. Readings of reverse flow ranged from -0.03 to -21 
cm/s (-2.4 ± 3 cm/s). During this 120 day period there were 11 instances (gage readings) of reverse flow 
exceeding -7 cm/s, with a single reading that exceeded 15 cm/s (the maximum of -21 cm/s). Gage height 
at the monitoring station varied between 6.7 and 7.8 (7.5 ± 0.2) meters over this period. 
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Discussion 
The outcomes in the present experiment indicate water velocity and the characteristics of the electric 
current defining the barrier field influence risk for fish to maintain position in electric fields in flowing 
water. These outcomes provide additional support for inclusion of ultimate field strength and pulse-
frequency as technical factors in the conceptual Risk Model for Barrier Effectiveness. The outcomes also 
support inclusion of water current velocity as an environmental factor in the conceptual Risk Model for 
Barrier Effectiveness (Holliman, this report). An inverse relation was demonstrated between risk for 
breach of the electric barrier and water current velocity.  

Silver carp, bighead carp, and common carp share the behavioral characteristics of swimming against 
the flow and attraction to slow water currents, which are more pronounced during the breeding season 
(Zhong 1990). It is expected that fish motivated to swim upstream in the Chicago Sanitary and Ship Canal 
will penetrate the electric barrier to the extent they can. Outcomes of the experiment on volitional 
challenge of the electric field indicate behavior to be a factor that increases risk for breach of the 
Barrier, as fish may repeatedly challenge the electric field (Holliman, this report). The simulations in the 
prior experiments (Holliman, this report) were conducted under a scenario of no flow and fish 
continuing upstream into the Barrier despite electrical stimulation. Although fish did react (first 
response) to the presence of pulsed DC during exposure to field strengths associated with the “low-
field”, there was little indication of distress. The field strengths associated with the onset of behaviors 
associated with the flight response upon interaction with the “high-field”, however, could indicate the 
position in the field where fish dart forward into the increasingly intense field, retreat downstream, or 
attempt to maintain their position within the field. There are anecdotal observations of this behavior in 
large fish (undetermined species) in the electric barriers on the Chicago Sanitary and Ship Canal, of large 
fish maintaining position at a boundary within the field (personal communication, Doug Malone, Smith-
Root, Inc., Vancouver, Washington).  

The flight response was consistently evoked in fish in prior simulations and the threshold field strength 
for the response may indicate the boundary for the onset of aversion behaviors in small fish. In the 
present study, a tendency for fish to collect near the upstream-most screen, prior to exposure to the 
rising-side of the high field, was demonstrated. Exposure to field strengths associated with the low field 
had no significant effect on fish swimming capability, as no fish were impinged during exposure to the 
low field, though normal swimming was sometimes interrupted. Thus, penetration of the low-field of 
Barrier IIA by small bighead carp is likely. Similar to simulations of encroachment previously described, 
there was onset of rapid non-directed swimming upon exposure to high gradients associated with the 
rising-side of the high field in the present study. The onset of flight was accompanied by fish drifting 
back in the swim tunnel toward the downstream most screen. Interaction with the high gradients of the 
rising side of the high field could indicate locations of equipotential boundaries for penetration of the 
field by small bighead carp. Experimentation on volitional challenge of waterborne electric fields, 
however, demonstrated that aversion cannot be relied upon to prevent encroachment upon high 
gradients of electrical exposure.  

The electric barriers on the Canal utilize cross-channel electrodes; the direction of electric current flow is 
parallel with the direction of water current flow on the Canal. Fish swimming upstream experience the 
greatest electrical exposure (greatest body-voltage) when oriented parallel with the direction of 
electrical current flow (the upstream-downstream direction). As the velocity of water flow increases, for 
fish to progress against the flow or maintain position the need for fish to be aligned parallel with the 
direction of flow increases compared to when flow is less. Thus, the need to align in the direction of 
water flow, which is the direction of maximum electrical current flow and electrical exposure, will 
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compete with the need to minimize body-voltage, which is accomplished by turning to the side. Fish 
turning to the side, away from alignment with the direction of flow will be swept downstream. Thus, it is 
expected that, in flowing water, these competing motivations will result in a repeated action where fish 
align parallel with the directions of water and electric current flow and swim upstream, where upon 
reaching some point of discomfort (some equipotential boundary) they will turn to the side in an 
attempt to minimize body-voltage and be swept back downstream, where in the less intense electric 
field they will re-align with the directions of water and current and swim back upstream. Based on 
outcomes in the present study, earlier simulations (described previously; Holliman, this report), and the 
experiment on volitional behavior (Holliman, this report), it is expected that these actions will occur in 
bighead carp of the size targeted in this study at the downstream margin of the high-field and in large 
fish at the edge of the low-field. 

The scenario in the simulations was that of fish continuing upstream into increasing field strength 
despite electric stimulation. Swimming, which is a complex neuromuscular activity (Wardle et al. 1995; 
Altringham and Ellerby 1999) appeared to be impaired in tests with several of the operational protocols, 
resulting in fish being impinged upon the back screen. The risk for failing to impair swimming ability was 
significantly reduced as water velocity increased from 7 to 15 cm/s. A threshold may have been reached 
in the effects of water velocity, as there was no statistically significant difference between velocities of 
15 and 22 cm /s. 

Water current velocity may influence risk for breach of the Barrier though increasing challenges to the 
barrier, forcing fish alignment with electric current flow, though impacts of swimming ability and 
through increased duration of exposure. Silver carp, bighead carp and common carp share the 
behavioral characteristics of swimming against the flow (Zhong 1990). A water current velocity of 7 cm/s 
was adequate to induce positive rheotaxis in the experiment on volitional challenge of electric fields 
(Holliman, this report). It is likely that bighead carp and silver carp response to water current flow will be 
influenced by the magnitude and direction of water current flow. Under conditions of reverse flow on 
the Canal, if of sufficient magnitude to induce positive rheotaxis, fish would swim into the flow away 
from the electric barriers away from the Great Lakes. Under conditions of no water flow in the Canal, 
the motivation for fish to challenge the electrical barrier is uncertain, but it is prudent to consider the 
worst-case scenario of invasive fishes attempting to cross the barrier. It is likely that challenges to the 
Barrier, the incidence of fish swimming upstream into the field will be directly related to water velocity. 

If water current velocity and discharge data collected near Lemont, IL are representative of that at the 
electric barriers, average daily water current velocity near the Barriers from 1/2005 through 6/2010 was 
~22 cm/s. During this period, water flow velocity exceeded the estimated maximum sustainable 
swimming speed for 51 – 76 mm bighead carp of 50 cm/s, 4% of the time (60/2000 days). This can 
interpreted to indicate that, based on daily mean velocity values, 51 – 76 mm bighead carp would have 
been able to progress upstream to challenge the Barrier on 96% of the days from 1/2005 to 6/2010. 
Water current velocity exceeded 15 cm/s, the threshold for reducing risk for fish to maintain position in 
the field on 72% of the days (1431/2000 days). Daily mean water current velocity was at a rate that 
reduced risk for fish to breach the Barrier 72% of the time, from 1/2005 to 6/2010. Daily mean velocity 
exceeded 7 cm/s > 99% of the days between 1/2005 and 6/2010. In the volitional challenge of electric 
fields experiment, a flow velocity of 7 cm/s was adequate for positive rheotaxis of fish in the test, 
provided motivation for fish to swim into the flow. A flow velocity of 3 cm/s failed to induce positive 
rheotaxis (Holliman, this report). There were no instances of reverse flow in the daily mean velocity 
data.  
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Gage readings at the Lemont, IL monitoring station accurately reflect reverse flow (personal 
communication, Kevin Johnson, USGS Field Station Manger, Urbana, Illinois). Examination of water 
velocity data collected from 3/1/2010 through 6/29/2010 demonstrated reverse flow occurred less than 
0.01% of the time (based on readings taken every minute during this 120 day period). Instances of 
reverse flow attaining velocities that induced positive rheotaxis in fish (in the volitional challenge of 
electric fields by small bighead carp experiment described previously; Holliman, this report) were even 
rarer and there were no instances of the velocity of reverse flow exceeding 22 cm/s. Thus, there was no 
indication, during this period of monitoring, that during periods of reverse flow the water velocity would 
exceed the swimming capabilities of bighead carp of the size range targeted in the present studies, 
sweeping these fish into the barrier field. Risk for fish encroaching upon the barrier field to breach the 
field could be increased under conditions of reverse flow, even at very low velocities of flow because 
fish immobilized may be swept through the high-field. The average velocity during reverse flow, in the 
data set evaluated, was - 2.4 cm/s. Based on observed behaviors of 51 – 76 mm bighead carp in the 
simulations conducted at a flow velocity of 3 cm/s, positive rheotaxis would not be induced in fish by the 
average velocity during reverse flow (Holliman, this report). Should fish enter the high-field and become 
immobilized, at this rate of flow it would take immobilized fish ~ 400 seconds to drift 10 meters. Thus, 
immobilized fish would receive significant electrical exposure while drifting through the high-field during 
low velocity reverse flow. Throughout the studies, small bighead carp immobilized by electrical exposure 
sank. Electrical exposure would be dramatically increased in fish sinking upon immobilization in the 
Canal. Whether electrical exposures associated with drifting through the field, or sinking in the field, 
during periods of reverse flow would prove lethal to immobilized fish is not known. Research on effects 
of cumulative exposure to targeted fish is warranted. 

Treatments applying pulse-frequencies of 30 Hz were not included in this experiment. The increased 
effectiveness of 30 Hz relative to other pulse rates were obvious in the pilot study, in the screening 
experiments, in the experiment conducted for predictive modeling, and in the experiment on volitional 
behavior. In each case, 30 Hz was more effective than lower pulse rates; the exception was 25 Hz where 
there was no statistically significant difference between 25 Hz and 30 Hz, in some instances. Based on 
the previous outcomes, significant pulse frequency effects were expected in the tests with water 
velocity, with 30 Hz being at least as effective as 25 Hz (if not more effective) and more effective than 
the lower pulse-rates. Thus, 30 Hz treatments were not applied in the present experiment and the range 
of pulse frequency applied in the experiment was shifted downward to include 15 Hz. Similar to the 
outcomes of the previous studies conducted in no flow or minimal water flow, where operational 
protocols applying 2.5 ms pulse duration were more effective at inducing passage-preventing behaviors 
in small bighead carp than those applying 2.0 ms pulse duration, operational protocols applying 2.5 ms 
pulse duration are also expected to be more effective in flowing water than those applying 2.0 ms pulse 
duration. 

There were several complicating and confounding factors in the present experiment. The effects of 
water velocity were confounded with duration of exposure. The fish used in the present study had been 
used in a previous experiment, with unknown latent effects. Comparisons of outcomes with prior 
simulations are complicated by the use of naïve fish in prior experiments and fish previously exposed to 
electric fields in the present experiment. Comparisons are further complicated by the potential for a 
behavioral component in that simulations were conducted on fish in groups in the present experiment 
compared to simulations on individuals in the previous experiments. Limited fish availability prevented 
inclusion of additional controls to assess immobilization in the groups under conditions of no flow.  

There was evidence of statistical overdispersion in the data as well as possible interactions in the 
experimental factors. Thus, the binomial based interferences may be biased; confidence intervals may 
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be too narrow and p-values too small. Overdispersion of the data could be evidence of group behavior in 
the simulations, indicating it necessary to treat group as the experimental unit in subsequent 
experiments greatly increasing numbers of fish required for experimentation. 

There was evidence of overdispersion in the data as well as possible interactions in the experimental 
factors. Dispersion is a measure of the spread of data. Overdispersion indicated the variance (spread) of 
the data was greater than expected from a binomial distribution (Ramsey and Schafer 2002). Treatments 
were applied to fish in groups (5 fish per group). The experiment was designed for observations to be 
treated as independent, based on the expectation that fish receiving electrical stimulation would act 
independent of others in the group. The evidence overdispersion indicates that the fish did not act 
independently, there was a schooling effect. Thus, it may be necessary in future experiments with 
groups of fish to treat the group as the experimental unit, greatly increasing numbers of fish required. 
Because there was evidence of overdispersion in the data, the p-values and confidence intervals should 
be regarded as optimistic. Nonetheless, the outcomes of the experiment provide clear evidence that 
water velocity influences risk for breach of the barrier field by small bighead carp. 

There was an obvious pattern of reduced risk of fish maintaining position in the field with increased 
water flow velocity, during the simulations of encroachment, supporting inclusion of flow velocity as a 
factor in the Risk Model for Barrier Effectiveness. Outcomes of the experiment indicate the forward 
progress of fish encroaching upon the barrier may be thwarted or the ability of fish to hold position 
reduced with water flow velocity of 15 and 22 cm/s compared to 7 cm/s. The effectiveness of the 0.91 
V/cm ultimate field strength, 30 Hz pulse frequency, and 2.5 ms pulse duration operational protocol, 
shown to reduce risk of failing to immobilize encroaching small bighead carp under conditions on no or 
minimal flow, is expected to be enhanced in flowing water, further reducing risk for breach of the 
barrier field. Additional research is warranted to clarify relations between water velocity and 
operational protocols for the electric barriers on the CSSC and risk for breach of the barrier fields on the 
CSSC by small silver carp and bighead carp.  
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6 – Conclusions and Directions for Future Research 

A conceptual Risk Model for Barrier Effectiveness was devised. Several factors in the Model, 

Technical factors Biological factors Environmental factors 
    Pulsed DC field strength      Fish species    Water conductivity 
   Pulsed DC pulse-frequency 
   Pulsed DC pulse-duration 
   Field orientation 
    (direction of electric current flow) 

        Fish size 
        Behavior 

     Swimming speed 
      (duration of exposure) 

Water velocity 
   Water depth 
   Habitat, 

   Field size   
 

were directly tested in the experiments.  

Simulations of encroachment into the field of electric Barrier IIA were used to evaluate the effectiveness 
of various combinations of electrical parameters for inducing passage-preventing behaviors in 51 – 76 
mm bighead carp. The simulations were conducted under controlled conditions using homogeneous 
electric fields. Electrical stimulation was pulsed DC 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 improvement over the pilot study and in the “state of the 
art” for research related to electrical exposure 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. 

Outcomes in the present study support the hypotheses that the characteristics of the waterborne 
electric field influence probability of immobilization of encroaching small bighead carp, supporting 
facets of the conceptual risk model for barrier effectiveness. A multivariable relationship was 
demonstrated (between field strength, pulse-frequency, pulse-duration, fish length, and the interaction 
between pulse-duration and fish length, and the probability of immobilization) in the prognostic model 
developed from promising operational protocols. Based on the outcomes of the experiment, efficiency 
of the electric barriers on the Canal is strongly influenced by technical factors. Specifically, the 
operational protocol employed. 

 The prognostic model (FS, PF, PL, L, PL*L) developed from the simulations provides the best information 
available regarding the likelihood of immobilizing 51 – 76 mm bighead carp encroaching upon Electric 
Barrier IIA. It must be emphasized, however, that the model was based on simulations, relatively small 
sample sizes, and should be verified. The FS, PF, PL, L, PL*L model was based on 20 fish per experimental 
cell (i.e., combination of experimental factors), a relatively small number of fish. This is especially 
important with regard to 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 immobilized could be as low as 85% (this is the 
lower 95% confidence interval for the point estimate of 100%, for a binary response and N = 20). The 
confidence interval about the point estimates shrinks as the sample size in the experimental cells 
increases. According to the rule of threes when there has been no event, when employing a 95% 
confidence interval (95% CI) and 100% of fish in an experimental cell are immobilized, the lower limit of 
the 95% CI would be 90% with 30 fish/cell, 95% with 60 fish /cell, 97% with 100 fish/cell, and 99% with 
300 fish/cell (van Belle 2002). The number of fish required in a full factorial experiment may become 
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prohibitive, depending on the desired level of confidence and the number of factors evaluated. 
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 evaluated in the prognostic model. The FS PF, PL, L, PL*L model demonstrates 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-length. Comparisons 
between the operational protocols targeting small bighead carp and the protocol shown effective for 
immobilizing small silver carp demonstrated risk for failure to immobilize the targeted fish was 
significantly reduced with pulse-frequency of 30 Hz when applied at ultimate field strength of 0.91 V/cm 
and pulse-durations of 2.5 ms.  

Small fish were targeted in the present study. A direct relation is evident between probability of 
immobilization and fish length. 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 small silver carp [0.79 V/cm, 15 Hz 
pulse frequency, and 6.5 ms pulse-duration]. This operational protocol is presently in use on the CSSC. 
The present study targeted 51 – 76 mm (2 to 3 inch) bighead carp as a worst case, as effects will be even 
more pronounced in even slightly larger fish. 

The actions of the fish at the downstream margin of the field observed in the experiment on volitional 
behavior (conducted March – April 2010) parallel the anecdotal observations and descriptions of the 
actions of large fish maintaining position in the Canal at the downstream most margin of the low field of 
Barrier IIA. For example, on June 25, 2009, prior to the increase in operating parameters to those 
presently employed, a large common carp and a large gizzard shad were observed near the water 
surface at the downstream margin of the low-field of Barrier IIA, swimming upstream to some point 
within the field and then drifting down steam, repeatedly (personal communication, Mr. Doug Malone 
and Mr. David Mease, Smith-Root, Inc., Vancouver, Washington). The equipotential boundary for 
penetration of the field, by these large fish, occurs near the downstream margin of the low field. 

In the experiment on volitional challenge, fish had opportunity to avoid an electric field and to exit the 
field after swimming into it. Fish actions and behaviors indicated they were able to detect the edge of 
the field and, therefore, could avoid entering or interacting with the field. However, fish challenged the 
field repeatedly. Further, fish often continued to challenge the field despite being immobilized 
(incapacitated) only moments earlier, re-challenging the field immediately upon recovery of an upright 
orientation. Outcomes in the present study are in accord with those reported by Barwick and Miller 
(1996) and support the observations of Stewart (1990) that fish receiving electrical stimulation may 
continue into fields of higher intensity. 

Outcomes in the simulations indicate that penetration of the low field of Barrier IIA by small bighead 
carp (42 – 92 mm) is likely, regardless of the operational protocol employed (of those tested), no fish 
were immobilized, or were in significant distress, or had difficulty maintaining position within the 
electric field in flowing water. The actions and behaviors of fish in the experiment on volitional 
challenge, with consideration of actions and behaviors of fish in the simulations, indicate the sharply 
increasing gradients on rising side of the high field may serve as equipotential boundaries for the onset 
of flight in these small fish, but not avoidance. The continued challenge of the downstream margin of 
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the electric field in the volitional challenge study indicate it prudent to assume that fish will not avoid 
the high-field of Barrier IIA, that they will likely penetrate the high-field to the extent possible. The 
operational protocol for the Barrier should be adequate to stun the smallest fish of interest. The 
outcomes of the present study indicate the behavior of small bighead carp to increase increase risk for 
breach of the Barrier, providing support for inclusion of behavior as a risk factor in the conceptual Risk 
Model for Barrier Effectiveness.  

The effects that water flow has on risk for small bighead carp to successfully traverse barriers depend on 
the velocity of the flow. Silver carp, bighead carp and common carp share the behavioral characteristics 
of swimming against the flow (Zhong 1990). Positive rheotaxis (motivation for swimming upstream into 
water current flow) was absent in small bighead carp (51 – 76 mm total length) in water flowing at 3 
cm/s, but was present at a velocity of 6 – 7 cm/s (48 – 82 mm fish) in the experiment on volitional 
behavior and at 7, 15, and 22 cm/s in the experiment on effects of water velocity. Thus, risk for small 
bighead carp to challenge the barrier field may be increased when water current velocity on the CSSC is 
≥ ~7 cm/s. Risk for fish to maintain position in a barrier field was inversely related to water velocity. Risk 
for small bighead carp (44 to 93 mm) to breach the Barriers on the CSSC is expected to be reduced 
under conditions of flow velocity ≥ 15 cm/s compared to when flow is ≤ 7 cm/s. Average daily water 
current velocity was ~22 cm/s near Lemont, IL, from 1/2005 through 6/2010. During this period, daily 
water flow velocity exceeded 50 cm/s on 4% of the days, velocity was ≥ 15 cm/s (a rate that reduced risk 
for fish to breach the Barrier) 72% of the days, velocity was ≥ 7 cm/s on 99% of the days (a flow 
adequate for motivation for small bighead carp to swim upstream in the experiments). Examination of 
water current velocity measures on the CSSC showed there to be very little risk for fish to be swept into, 
or through, the barrier field by reversals of water flow on the CSSC. 
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------------------------------------------------------------------------------------------------------------------------------------------ 

Considerable progress has been made in understanding mechanisms of electric barrier function on the 
Chicago Sanitary and Ship Canal and in identifying risk factors and directions of risk for breach of the 
barrier. Thus far, research has been conducted in a controlled environment. Extensive commercial traffic 
coupled with the dangers associated with the waterborne electric barrier fields adds to the challenges of 
research on the Canal. Research on the Canal will require innovation. It is imperative to verify outcomes 
of the present study on the Canal, where possible. Additional research within a comparable framework 
to that described herein is needed to address factors not yet tested and to refine and expand knowledge 
of factors previously tested and the inter-relationships among the biological, environmental, and 
technical factors in the conceptual Risk Model for Barrier Effectiveness. Because of the host of factors 
that may confound field experiments and the difficulty associated with experimenting directly on the 
Canal, refinement of the simulations employed in the present study is recommended. The simulations 
employed in the present study represent a significant improvement in the state of the art. Nonetheless, 
the simulations can be improved for even more representative exposures to account for changes in field 
strength and polarities, the summation of pulses within regions of the field and the response of fish in 
flowing water. 

 

Potential directions for research and actions on the Canal (in no particular order): 

• Based on outcomes in the present study, the penetration of the low-field of Barrier IIA by 51 – 
76 mm bighead carp is likely and the sharply increasing gradients of the rising side of the high-
field of Barrier IIA is expected to serve as the boundary for upstream penetration of the barrier 
by 51 – 76 mm fish. Research and monitoring to confirm or refute this expectation is critical. For 
example, DIDSON monitoring to establish reactions of small fish and experimentation on the 
Canal with proven surrogate species. 

• The presence of boundary conditions near the walls of the Canal, both electrical and water 
current, increase risk for breach of the barrier. Small fish, especially, may tend to gather near 
the walls of the Canal, driven by commercial traffic and avoidance of open water. The presence 
of reduced currents, electrical and water flow, near the walls may provide an avenue for 
unimpeded progression upstream. The presence of boundary conditions next to the walls of the 
Canal should be evaluated. If boundary conditions exist, acoustic bubbles, bubble barriers or 
water jets could be employed near walls to drive small fish out from the walls, into open water 
and electric current. Recessed traps offering protection to fish (recessed to protect from 
commercial traffic) could be developed for monitoring and removal of fish. 

• Periodic stocking of indigenous predatory fish could reduce numbers of small invasive carps 
available to challenge the barriers. Preliminary work should establish the propensity of the 
predatory fish to prey on bighead carp and silver carp fingerlings and juveniles. Stomach content 
analysis of predatory fish, whether stocked or naturally occurring, collected from the Canal, may 
provide insight into presence and relative abundance of small invasive fish. 
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• Because of the relation between water velocity and risk for breach of the barrier, the 
relationship between measurements of water conditions taken at the USGS station at Lemont, 
Illinois and conditions at the location of the barriers needs to be established or a water flow 
monitoring site established at the Barrier site. 

• Relationships between onshore Barrier output metering and in-water field strength should be 
established. Protocols, locations, and equipment for in-water field measurements should be 
developed and standardized. Barrier output and physical in-water field strength measurements 
should be routinely cataloged. Additionally, a biological indicator of barrier effectiveness should 
be developed. For example, use of DIDSON to determine expected fish responses at various 
locations in the field and periodic confirmation of expected responses. 

• Protocols for removal of fish maintaining position below or within the Barriers (depends on fish 
size) are warranted.  

• The potential for commercial traffic to entrain small fish that are maintaining position within the 
barrier field, near the high field, and pull them upstream through the electric field, is a concern 
and should be evaluated.  

• Evaluations of acoustic bubbles and bubble curtains as additional deterrents to the passage of 
small carp on the Canal are recommended. These additional deterrents may be most effective if 
located throughout the rising side of the high field.  

• 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. 
Experimentation on the Canal is difficult, but necessary. The information gained in the present 
study must be augmented by experimentation with appropriate surrogate species on the Canal. 

• Fish in the study had a tendency to sink upon immobilization. Morphological differences often 
account for differences in probability to sink versus float, between species. There has been very 
little research into factors causing individual fish within species to float versus sink upon 
electrical immobilization. Unless washed out of the field by water current, fish sinking within the 
Barrier will likely perish, as the field strength increases dramatically with depth. Unless fish 
break the surface of the Canal, interactions with the barrier will go undetected. Development of 
an underwater monitoring program is prudent. This may be most easily accomplished via 
DIDSON (Dual-frequency IDentification SONar).  

• Exploration of development of flow regimes to reduce risk of breach of the barriers by small fish. 
Manage water flow rates on the Canal during peak seasons of challenge to the barrier to impede 
upstream progress of smallr fish. 
 

• The potential for cracks and crevices in the walls of the CSSC, near the barrier fields, to serve as 
refuges (from water and electric current flow) for small bighead carp and silver carp should be 
evaluated.  
 

• Continued development of the conceptual Risk Model for Barrier Effectiveness and 
development of operational rules for the barriers. 
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Directions for research under controlled conditions (in no particular order): 

• Additional study into the effects of water velocity on risk for breach of the barrier is warranted. 
The study on effects of water velocity described in this report was conducted with fish used in a 
prior experiment. Reuse of experimental animals is generally avoided to prevent introduction of 
known and unknown bias and latent factors into the experiment. Because additional bighead 
carp within the targeted size range were not available, it was necessary to reuse experimental 
animals in this experiment. The study undoubtedly was worthwhile, providing useful 
information, but should be repeated with naïve fish (and potentially with larger sample sizes to 
account for group behaviors). Evaluation of the effects of water velocity should include the 
operational protocols used to develop the FS, PF, PL, L, PL*L model and the operational protocol 
found effective on small silver carp and additional levels of velocity. This information may be 
used for development of operational rules for barriers on the Canal, based on water velocity.  

• Research on additional barrier technologies is recommended.  
 

• Outcomes in the present study indicated penetration of the low field of Barrier IIA by 51 – 76 
mm bighead carp is likely, regardless of the operational protocol employed. The sharply 
increasing gradients of the rising side of the high field of Barrier IIA may serve as the spatial 
boundary for upstream penetration of the barrier by 51 – 76 mm fish. Investigation into fish 
behavior-physiology in the context of duration of low-level (relative) electrical exposure is 
warranted, as prolonged exposure to low gradients may influence induction of passage-
preventing behaviors though increased or decreased susceptibility to higher gradient exposure, 
disturbance in physiological balances, and reduced swim performance. It is hypothesized that 
probability of immobilization increases with duration of exposure to low gradients, physiological 
balances will be disturbed by low gradient exposures, and swim performance inhibited. 
Additional research is warranted. 

• Similar responses to electroshock are expected from silver carp and bighead carp of the same 
size, but should be confirmed. Species differences at the barrier are expected to be related to 
behavioral factors (e.g., preferred depth). 

• Sources and facilities for bighead carp and silver carp should be developed to insure adequate 
numbers and sizes of fish for experimentation. 

• Development of a widely available, innocuous, surrogate species, or suite of species, though 
comparative testing with bighead carp and silver carp under controlled conditions, for 
evaluation, calibration, and verification Barrier performance on the Canal and in the laboratory, 
would be prudent.  

• There has been little research on the effects of water temperature on electrical exposure-
induced behaviors in fish. Water conductivity fluctuations on the Canal have a strong seasonal 
component, with conductivity highest in the winter months when water temperature may be 
lowest. Power demands on the Barrier are greatest in these months. Depending on the effects 
of temperature, the Barrier may be operated at lower levels during periods of low water 
temperature leading to potentially enormous savings in electrical energy use and equipment 
wear, without loss of effectiveness at preventing passage of targeted species. 
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• Fish size was demonstrated a significant factor in determining risk for breach of the barrier. 
Additional study with larger fish would expand knowledge of relative effectiveness of 
parameters in the FS, PF, PL, L, PL*L model. Operational protocols relatively ineffective for 
immobilization of 2 -3 inch fish are likely to be effective on even slightly larger fish. 
Experimentation with larger fish can provide estimates of effectiveness useful for decision 
making with regard to changes in operational protocols under various environmental 
conditions. 

• Evaluate electroshock-induced mortality in bighead carp and silver carp. 
 

• Explore effects of fish encroaching upon the electric barriers in groups versus individuals.  
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