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DETERMINING ELECTROFISHING RESPONSE THRESHOLDS OF SMALLMOUTH BASS (MICROPTERUS 

DOLOMIEU), FLATHEAD CATFISH (PYLODICTUS OLIVARIS), AND BLUE CATFISH (ICTALURUS FURCATUS) 

William Z. Morris 

Dr. Craig Paukert, thesis supervisor 

ABSTRACT 

 We examined the response to electrofishing of three Missouri sportfish: Smallmouth Bass, Blue 

Catfish, and Flathead Catfish. We had three objectives for this research effort: 1) determine the effective 

conductivity of each species and whether this value differs from recommended values; 2) determine the 

effect of waveform, fish size, and water temperature on capture-prone response thresholds of each 

species; and 3) develop power goals and sampling recommendations for each species. 

 We found that the effective conductivity of Smallmouth Bass was 123µS/cm, which is near the 

previously used estimate (115µS/cm), so existing goals may be adequate.  For Flathead Catfish, we 

estimated an effective conductivity of 69µS/cm. For Blue Catfish, we estimated an effective conductivity 

of 94µS/cm. We recommend using the average of these two estimates to develop power goals. 

We tested 12 waveforms for each species, using a different set of waveforms for Smallmouth 

Bass than for catfish. For Smallmouth Bass, waveform had little effect on response thresholds and 

suggest that current methods using a waveform of 60/25 are appropriate for sampling, assuming the 

response thresholds are related to conductivity. For catfish, although differences among waveforms 

were present, we were unable to identify a particular waveform that was more effective, so more 

research is needed.  However, we recommend the use of the current standard waveform, 15/30, as this 

tended to have a reduced length effect relative to other waveforms. 
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Introduction 

 

Standardized Electrofishing: the Need for Electrotaxis and Immobilization Thresholds 

To properly inform management decisions, fish sampling data must be reliable enough to infer a 

relationship between fish populations and management actions (Pope et al., 2010), and managers must 

choose the appropriate sampling technique for the population in question. Many sampling methods 

exist to estimate population metrics such as recruitment, growth, and mortality. Although some data 

can be obtained through indirect studies like visual surveys, angler creel surveys, and hydroacoustic 

surveys, most population assessments require a more direct approach (Allen & Hightower, 2010). There 

are multiple passive and active methods to capture fish for population studies, including the commonly 

used technique of electrofishing. Electrofishing is employed in various methods to collect fish for 

calculation of metrics such as population growth, size structure, mortality, and abundance, and is 

recommended for sampling many sportfish species in fresh water (Bonar et. al., 2009). However, the 

method used should be appropriate for the population sampled and the desired metric in order to 

minimize potential sampling bias.  

Without standardized methods described by sampling protocols, fish population metrics like 

mortality, size structure, and recruitment may be biased and not comparable across water bodies or 

time (Bonar & Hubert, 2002). For example, relative abundance estimations of the same fish populations 

generated by different gears may show different results (Peterson & Paukert, 2009), and estimates of 

Blue Catfish abundance have been shown to vary month to month at a single site (Bodine & Shoup, 

2010). As such, management decisions should be based on data collected by standardized methods 

detailed in protocols that include the least biased sampling methods and appropriate sampling windows 

to assess population metrics. 
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Standardized sampling protocols often incorporate multiple environmental factors that may 

affect catchability. An electrofishing protocol may identify appropriate seasons, sampling windows (e.g. 

day vs night), and water conditions (e.g. level, flow, turbidity, etc.) for optimal electrofishing efficiency. 

For example, the protocol for the Missouri Department of Conservation’s Big River Catfish Assessment 

dictates sampling methods for 12 distinct habitat types that may be encountered during catfish 

sampling (MDC, 2015). Sampling protocols also often dictate a range of water temperatures during 

which samples should be conducted (Girondo et al., 2012; MDC, 2015). This allows biologists to target 

the fish during a period when they may be more vulnerable to electrofishing (e.g. spawning). In addition, 

standardized protocols for electrofishing should include recommended electrical outputs that will 

produce the same type of capture-prone response in fish across a range of water conditions. One 

important step in accomplishing this is to define species-specific response thresholds under various 

waveforms and water conditions. This information can then be incorporated into standardized sampling 

protocols alongside detailed suggestions for sample parameters and sampling techniques. Standard 

sampling protocols can also address sampling bias due to variable electrofishing equipment by dictating 

the type of equipment that should be used and/or requiring thorough testing of the equipment to 

confirm that the desired waveform is being produced (Miranda, 2009).  

Agencies developing standard sampling protocols often account for many factors, including 

sampling methods (e.g. shoreline vs. open water electrofishing, random vs. targeted sampling locations, 

daytime vs. nighttime samples, shock duration and boat movement rates, etc.), sample parameters 

(water temperature, turbidity, habitats sampled, date and season of sample), electrofishing boat setup 

(wiring, anode size/shape, number of netters, etc.), gear to be used, equipment maintenance, and other 

factors (Bonar & Hubert, 2002; Girondo et al., 2012; Bouska, et al., 2017). However, managers still need 

to consider other factors that may influence the precision of their samples, such as the effect of 

electrofishing settings (e.g. waveform) on the susceptibility of the target fish to electrofishing. 
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Review of Electrical Principles of Electrofishing 

Before electrofishing standardization can be achieved, the basics of electrofishing must be 

understood. Electrical power in an electrofishing setup usually comes from a generator and passes 

through a control box, where the current is altered to the desired waveform. Power is then transferred 

to the water via the electrical anode, commonly a metal ring with cable droppers extending down to the 

water (Figure 1). The circuit is completed as the current flows through the water to the cathode, which 

is usually the hull of the electrofishing boat, but can take the form of a metal plate attached to the 

outside of the boat if the electrofishing boat is non-conductive (i.e., a rubber raft). Dissolved ions in the 

water dissipate the electric current, which takes a wide, rounded path back to the cathode. The current 

also passes through any fish that are in the path, causing the fish to be stunned if the current is at a 

sufficient level. Because power transfer to a fish becomes less efficient when water conductivity differs 

from fish conductivity, the amount of power transmitted to the water should be increased by the user 

when ambient conductivity is higher or lower than effective fish conductivity to achieve consistent 

power transfer to the fish (Kolz, 1989; Kolz & Reynolds, 1989).  

According to Joule’s law (below), electrical power is the product of voltage and amperage:  

P=IV where P is power in Watts, I is current in amps, and V is voltage in volts. 

Ohm’s law states that current is equivalent to the applied voltage divided by the resistance of the 

system: 

I=V/R, where I is current in amps, V is voltage in volts, and R is resistance in Ohms.   

Power delivered to the anode is dependent on total anode resistance, which will change based 

on the size and arrangement of the anode(s) and the amount of volts applied through the control box 

(Reynolds, 2016). As a result, the easiest way to increase the power output in an electrofishing setup is 

to increase the voltage level released from the control box. It is possible, however, to alter the electrode 
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resistance by adjusting the surface area of the anode (i.e., adding or removing droppers, raising or 

lowering droppers, or covering droppers with a non-conductive coating). Adding surface area decreases 

resistance and increases the amount of current that flows per volt, which also increases the total power 

applied to the water. Features such as anode shape and size and total power output goals can be 

adjusted by the biologist and should be part of a standardized electrofishing protocol (Miranda, 2009). 

This allows biologists to produce the desired amount of power at an appropriate distance from the boat 

to minimize bias in fish population metrics caused by differences in electrofishing power. 

Standardizing Electrofishing 

Electrofishing sampling gear and technique standardization allows comparison of fish population 

metrics to be made across waterbodies, regions, or time periods, assuming that there is no habitat-

mediated bias. To be confident in observed changes in a population, managers must account for factors 

that can influence catch rates while electrofishing. Standardization can help minimize sampling bias so 

that the variation of population metrics can be better linked to biological and environmental factors 

such as fish behavior, water condition, and seasons (Reynolds & Kolz, 2012; Bodine et al., 2013). For 

example, catch rates of Blue Catfish can be variable from month to month at the same site, even when 

standardized collection methods are employed (Bodine & Shoup, 2010), so a robust sampling protocol 

should: 1) call for sampling over multiple months to provide a better cross-section of the population, or 

2) only allow for comparison of catch rates from samples conducted during a similar time period. 

Standardizing electrofishing sampling methods based on environmental conditions (water temperature, 

turbidity, lake and river levels, etc.) can also help reduce catch variance by as much as 15% (Burkhardt & 

Gutreuter, 1995), and some studies have shown that using specific techniques to target a particular 

species can increase catch rates (Cailteux & Strickland, 2009; Bouska et al., 2017).  
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Standardized sampling with electrofishing is best achieved by standardizing power output based 

on the water conductivity (Kolz & Reynolds, 1989; Burkhardt & Gutreuter, 1995; Miranda & Dolan, 2003; 

Miranda, 2009). Power transferred to a fish from an electrofishing unit is dependent on the water 

conductivity, the conductivity of the fish, and the control box settings (i.e., amount of power placed into 

the water). Therefore, standardizing by power is more reliable than standardizing to a particular 

combination of settings. The user should adjust the amount of power put into the water based on the 

ambient water conductivity. The precise amount of power needed to produce a capture-prone response 

in a fish at a given water conductivity can be determined through the power transfer equation (see 

equation 1) if the conductivity and expected immobilization threshold of the fish at a particular water 

conductivity is known (Kolz & Reynolds, 1989). However, the actual output of some electrofishing 

control boxes can vary significantly and may not be the waveform the manufacturer specified for that 

unit (Van Zee et al. 1996). Older electrofishing control units in particular lack accurate output metering, 

so the user has little real-time idea what level of electricity is being put into the water. For example, Van 

Zee et al. (1996) found that Coeffelt VVP-15 electrofishers did not produce the pulsed AC waveform they 

specified, and it was in fact a DC waveform. However, the output can be measured as a way of 

calibrating sampling methods for a specific gear setup as a way to try to reduce the variation from a lack 

of real-time metering (MDC, 2015).  

Power Transfer Theory and Power Standardization  

Standardizing by power is commonly achieved through the use of power goals that designate 

the appropriate power output for a range of water conductivities. Power goals for electrofishing are 

developed from the power transfer theory, which states that as water conductivity differs from fish 

conductivity, power transfer to the fish becomes less efficient (Kolz, 1989). If fish conductivity is known, 

equations developed by Kolz and Reynolds (1989) can be used to calculate the power density that 

should be produced at a given water conductivity to transfer the desired amount of power to the fish. 
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The amount of power needed to immobilize a fish will increase as the water conductivity substantially 

differs from the fish conductivity:  

D = Dm * ((1 + Cf/Ca)2)/(4*Cf/Ca)____________________________________________equation 1 

Where D is the power density (µW/cm3) that should be applied to the water, Dm is the applied power 

density required to immobilize the fish when fish and ambient water conductivity are matched, and Cf 

and Cw represent the respective conductivity of the fish and the water (µS/cm; Kolz & Reynolds, 1989). 

This formula can also be expressed as a function of voltage gradient (V/cm; E), or current density (J): 

E = Em * (Ca+Cf)/(2*Cf) *Cf/Ca_____________________________________________equation 1A 

J = Jm * (Ca+Cf)/(2*Cf)___________________________________________________equation 1B 

Using this model and electric field maps of electrofishing boats or the electrofishing output used during 

the successful capture of the target species, we can produce power goals for the desired capture-prone 

response of a species at a given ambient water conductivity.  

Electrofishing Waveforms  

An electrofishing waveform is a function of current type (Alternating Current; AC vs. Direct 

Current; DC), pulse frequency, and pulse width (often expressed as duty cycle). A typical electrofishing 

waveform to sample Smallmouth Bass would be DC, pulsed 60 times per second at a 25% duty cycle. 

This means that, during each pulse, the electric current only flows for 25% of the time (Girondo, et. al., 

2012; Reynolds & Kolz, 2012). So, with a frequency of 60 Hertz (Hz) and a 25% duty cycle, the pulse 

width - or “on time” - for each pulse would be 4.2 milliseconds (ms). In this document, all pulsed dc 

(PDC) waveforms will be listed in the following format: frequency/duty cycle. For example, the 

waveform referenced above with 60 Hz and 25% duty cycle would be listed as 60/25. Sampling protocols 

often dictate a specific waveform to target a particular species or for community-level samples. 
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Numerous studies have suggested different waveforms for electrofishing, which often vary by species or 

objective of the study (Table 1). Settings will differ between target species or may be limited based on 

certain types of control boxes (Reynolds & Kolz, 2012). There is a high degree of variation in methods 

because little research has been done to determine the relative efficiency of different waveforms, and 

this was the justification for this study. For targeted samples of a particular species or fish community 

sampling, Missouri and other states/countries use at least 35 different waveforms, but the actual 

number of waveforms used to collect fish is likely higher given that many protocols do not list a pulse 

frequency or duty cycle, or instead offer a range of acceptable settings (Table 1). This is partially 

influenced by the fact that electrofishing control boxes differ and may not allow the same type of 

adjustments in output. In addition, existing power goals are based on estimated response thresholds 

and fish conductivity values, which may not be appropriate for single species samples (Miranda & Dolan, 

2003).  

Historically, the use of electrofishing waveforms was limited by equipment capabilities. Boat 

electrofishing units are typically powered by 60Hz AC generators. This means that a 60Hz waveform is 

the most readily produced DC waveform, because it requires the least amount of transformation. Many 

commercially available electrofishing units, particularly older units, only include frequency options that 

are factors or multiples of 60Hz, and often do not provide the user more than a few options for duty 

cycle adjustment. Other units specify a specific pulse width, which can lead to difficulty duplicating 

sampling techniques using a different control box. Some recently developed electrofishing units, such as 

the Midwest Lake Electrofishing Systems Infinity box (Midwest Lake Electrofishing Systems, Polo, 

Missouri) or the ETS Electrofishing Systems MBS box (ETS Electrofishing Systems, LLC, Madison, 

Wisconsin), have continuous adjustment, allowing the user to select a frequency from one to 300Hz or 

even 1000Hz, depending on the model, and a duty cycle from one to 99%. Therefore, managers have 

many waveforms available for electrofishing, but may not be familiar with all of the various waveforms 



8 
 

that are available because some are only produced by these recently developed control boxes. The 

availability of multiple waveforms further emphasizes the need to standardize electrofishing protocols. 

Each waveform affects fish differently and can be variably effective at producing a capture-prone 

response in fish, depending on species, body size, and water condition, and these effects are not well 

studied  or adapted in standard sampling protocols (Dolan & Miranda, 2003; Miranda & Dolan, 2003; 

Reynolds & Kolz, 2012). 

Fish Response to Electrofishing 

Electrofishing produces voluntary and involuntary responses in fish that will dictate their 

catchability, which can vary based on the waveform used. Fish first encountering the electricity may 

exhibit a voluntary escape response or an involuntary twitch response when the electricity causes a 

muscle contraction (Lamarque, 1990; Reynolds & Kolz, 2012). Direct current (DC) and pulsed direct 

current (PDC) waveforms can cause fish to orient toward the anode once they are exposed to a voltage 

gradient above a certain threshold that may vary depending on fish size, species, water condition, or 

other factors. Anodic attraction occurs with PDC as the muscles contract with each pulse and cause 

forced swimming, known as electrotaxis or taxis (Lamarque, 1990). Fish exposed to higher voltage 

gradients as a result of forced swimming or boat movement may exhibit electronarcosis, which occurs 

when the fish’s muscles relax and the fish is stunned. The fish will exhibit a loss of equilibrium, but can 

still engage in forced swimming, which can progress to immobilization associated with a strong electric 

field and muscular tetanus (Reynolds & Kolz, 2012). In contrast to DC and PDC, AC waveforms do not 

produce anodic attraction because the current is constantly reversing direction, but they will cause 

twitch and immobilization responses (Reynolds & Kolz, 2012). Each response occurs when electrical 

power transferred to the fish reaches a certain minimum value (threshold). Biologists aim to produce a 

threshold that will cause a capture-prone fish response (commonly immobilization or taxis) at an 
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appropriate distance from the boat such that the fish can be captured with a dip net. Defining these 

response thresholds for a particular species across a range of waveforms can help identify the most 

appropriate waveform needed to collect that species.  

One challenge to electrofishing standardization is our relatively low level of understanding of 

how fish interact with electricity. Fish behavior, habitat use, water temperature, water conductivity, fish 

size, and electrical waveform all may influence fish response and susceptibility to electrofishing (Dolan & 

Miranda, 2003; Reynolds & Kolz, 2012). Sampling methods can be adjusted to account for some 

behavioral and biological factors. For example, Bouska et al. (2017) found that altering standard 

methods employed to collect fish community data could lead to higher catch rates of Silver Carp, which 

are known to be evasive to electrofishing. In studies like this, researchers have addressed many of the 

factors that influence electrofishing catch rates. However, little literature exists to suggest which of the 

myriad of waveforms available to managers is the most efficient to sample a particular species of fish.  

Electrofishing of Smallmouth Bass and Catfish 

Catfish and black bass (Smallmouth Bass, Largemouth Bass, Micropterus salmoides, and Spotted 

Bass, Micropterus punctulatus) are some of the most economically important fish in the Midwest. In 

Missouri, anglers spend 15 million days fishing each year, over 75% of which are spent pursuing catfish 

or black bass (U.S. Department of the Interior, 2011). Therefore, standardized sampling and monitoring 

to detect changes in abundance, size structure, growth, and mortality are crucial to evaluate the status 

of fish populations and evaluate management actions. Managers need to be confident in their decisions 

to alter regulations or enhance habitat so that they can effectively manage these important economic 

resources. 

Electrofishing is the most common sampling technique used to evaluate Smallmouth Bass and 

catfish populations. Smallmouth Bass often exhibit capture-prone responses listed above. However, 
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collection of catfish with electrofishing can be due to atypical behavior when exposed to electricity. Blue 

Catfish and Flathead Catfish can be immobilized up to 100 meters from the electrofishing boat, and 

often do not remain immobilized long enough to be captured by netters (Cunningham, 1995). Unlike 

Smallmouth Bass, at times, catfish do not seem to be immobilized at all but rise to the surface under 

forced swimming before escaping. This is most frequently observed in fish of large body size, which are 

consistently underrepresented by electrofishing samples (Zach Ford, MDC, personal communication). No 

electrofishing method is presently in place to reliably produce a consistent capture-prone response in 

Blue Catfish or Flathead Catfish, which is critical to allow the fish to be collected efficiently and returned 

unharmed (Michaletz & Dillard, 1999; Bodine et al., 2013).  

Under current methods, Blue Catfish and Flathead Catfish are often sampled together using 

pulsed direct current (PDC) waveforms with a low pulse frequency (e.g. 15 pulses per second; Table 1). 

However, low frequency electrofishing is not commonly employed to fish for other species (Corcoran, 

1979; Cailteux & Strickland, 2009; Bodine et al., 2013). In contrast, Smallmouth Bass, like many other 

scaled species, are commonly sampled with higher frequency (60 Hz) pulsed DC waveforms (Guy, et al., 

2009; Girondo, et al., 2012; Table 1). High frequency waveforms cause Smallmouth Bass and other 

scaled fish to enter forced swimming that draws the fish closer to the electrofishing boat, where the fish 

is then stunned and floats to the surface where it can be captured by netters. However, the waveforms 

used for bass and catfish sampling can vary substantially. Anecdotal evidence suggests that pulsed DC 

frequencies ranging from 8 to 20 pulses per second can be effective for catfish sampling, and that higher 

frequencies (e.g. 80Hz) can be effective for collecting Flathead Catfish in water temperatures ~50-55°F 

(Zach Ford, MDC, Personal communication). Waveforms used to sample Smallmouth Bass also vary and 

successful capture has been reported using pulsed DC frequencies ranging from 30 to 120 pulses per 

second. In addition, tank trials suggest that 300 Hz pulsed DC electrofishing is extremely effective at 

immobilizing Smallmouth Bass without injury (Jan Dean, Dean Electrofishing, personal communication). 
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The variable use of waveforms to collect bass and catfish is because there is no particular 

waveform perceived to be the most effective at immobilizing these species. The thresholds for capture-

prone responses must be determined for each species in a controlled environment to determine which 

of these waveforms is the most efficient. A waveform that produces low response thresholds is 

considered preferable, because under the same power output a waveform with a lower threshold will 

produce the same response further from the boat than a waveform with a higher threshold. Therefore, 

a waveform that produces low response thresholds will allow for a larger field that will cause capture-

prone responses (hereafter “effective field”), which should allow biologists to have higher catch rates 

and more confidence in population estimates. This project examined the waveforms mentioned above 

and additional waveforms to assess their utility in successfully electrofishing bass and catfish.    

Effective Fish Conductivity 

One of the first steps in standardizing electrofishing is to determine the effective conductivity of 

the fish. The prevailing method of standardizing electrofishing samples is based on the power transfer 

equation developed by Kolz and Reynolds (1989) and confirmed by Miranda and Dolan (2003). 

According to power transfer theory, the amount of electricity applied to the water should be adjusted 

based on the conductivity of the fish and the ambient water conductivity. Power transfer to the fish is 

most efficient when these two conductivity values are matched, and the power required to immobilize 

the fish is minimized. Because of the complex nature of a fish’s body composition, fish conductivity can 

be difficult to determine (Kolz & Reynolds, 1989). For this reason, Kolz (1989) developed the term 

“effective conductivity,” which estimates the conductivity of the fish based on its response to electricity. 

This value is estimated by testing response thresholds across a range of conductivities and then fitting 

these data to the power transfer equation. 

Most fish species are considered to be fairly similar in effective conductivity (75-150 µS/cm), 
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with 115 µS/cm being used as a stand-in value when calculating power goals (Kolz & Reynolds, 1989; 

Miranda & Dolan, 2003). This is primarily based on Channel Catfish but is recommended for community-

level sampling. However, species-specific conductivity values are needed to better standardize methods 

for single-species samples, such as the samples employed by the Missouri Department of Conservation 

(MDC) to monitor Smallmouth Bass and catfish populations (Miranda & Dolan, 2003; Bodine et al. 2013; 

Brewer & Orth 2015). 

Given natural variation in effective fish conductivity, still one constant value must be used in the 

power transfer equation for standardization. Miranda and Dolan (2003) tested the power transfer 

equation with channel catfish and used estimates of effective fish conductivity for Goldfish and Silver 

Carp from the literature to determine that the natural range of effective conductivity was likely near 75 

– 175 µS/cm, and that using an approximate value of 115 µS/cm was appropriate to reduce variation 

due to incorrect standardization (Kolz & Reynolds, 1989; Liu, 1990; Miranda & Dolan, 2003). However, 

this is best suited for community level sampling, when a biologist is likely to target multiple species. 

Miranda and Dolan (2003) suggested that more research into the effective conductivity of individual 

species would help inform future standardization efforts, especially for single species samples, like 

sportfish sampling.  

Project Objectives 

This project sought to offer recommendations for standardizing electrofishing techniques for the 

collection of Smallmouth Bass and catfish by determining the effective conductivity of select sportfish 

and the most suitable electrical waveform to collect these species. The MDC has sampling protocols for 

Smallmouth Bass and for Blue Catfish and Flathead Catfish, which are often sampled together (Girondo, 

et al., 2012; MDC, 2015). For Blue Catfish and Flathead Catfish, the power output goals are developed 

from an assumed effective fish conductivity of 115 µS/cm, which was estimated from experiments 
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conducted with Channel Catfish fingerlings, but single-species samples could benefit from species-

specific values (Miranda & Dolan, 2003). For Smallmouth Bass, MDC’s power goals are built on an 

assumed fish conductivity of 150µS/cm, which is the top end of the range suggested by Miranda and 

Dolan (2003).  

Several research questions were addressed to develop power goals and waveform recommendations for 

species-specific electrofishing:  

1. What is the effective conductivity of Smallmouth Bass, Flathead Catfish, and Blue Catfish, and does 

this value differ by species?  

2. What is the power density required to induce taxis, forced surfacing, or other capture prone 

responses and immobilize Smallmouth Bass, Flathead Catfish, and Blue Catfish, and do these values vary 

by species, fish size, waveform, or water temperature? 

As such, the specific objectives of this project are as follows: 

Project Objectives 

1. Determine the effective conductivity of Smallmouth Bass, Flathead Catfish, and Blue Catfish. 

2. Determine taxis, forced surfacing, and immobilization power thresholds for fish of varying 

sizes of each species over a range of temperatures using a variety of waveforms. 

3. Generate power goals and sampling recommendations for the most efficient waveform to 

induce capture-prone responses for each species. 

The research detailed here will help agencies identify the specific settings (e. g., waveforms) used 

for electrofishing that will increase precision in collections of Smallmouth Bass and Catfish. We tested 

the effect of fish size, water temperature, and electrical waveform, which are three factors that have 

relatively unknown effects on sampling efficiency. The information gathered by this project will aid in 
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future efforts to standardize sampling by including power goals related to achieving a desired 

electrofishing response in standard protocols for each of these species. 

Methods 

Collection Methods 

 For objectives one and two, we collected fish from wild stocks using boat electrofishing. For 

Smallmouth Bass, we followed the recommended sampling methods set by the MDC Smallmouth Bass 

working group (Girondo et. al., 2012). We sampled using the 60Hz and25% duty cycle waveform (see 

page 6 for waveform notation), not exceeding power goals equal to 3000 watts at an ambient 

conductivity of 150 µS/cm (see objective three methods for calculating power goals). Smallmouth Bass 

were collected with a combination of non-random targeted samples of optimal habitat (boulders, large 

woody debris, spring branches) and predetermined repeated MDC samples.  

 Catfish were often sampled together, except for some small impoundments that only held 

Flathead Catfish. There are no set power goals for sampling catfish in Missouri, and we collected fish 

with a variety of low frequency PDC waveforms, which are expressed as frequency/duty cycle (see page 

6). The most commonly used were 15/30, 15/10, and 10/10. All catfish samples were non-random 

targeted samples of various habitats such as rock structures on rivers and reservoirs, large woody debris 

on rivers, and submerged river channels on reservoirs. For sampling in river habitats, we followed the 

guidelines of the MDC big rivers catfish project (MDC, 2015). 

Effective Fish Conductivity (Objective 1) 

We collected Flathead Catfish, Blue Catfish, and Smallmouth Bass from wild stocks and brought 

the fish to the University of Missouri. A total of 50 Blue Catfish (29 to 50 cm in total length; TL) and 50 

Flathead Catfish (20 to 42 cm TL) were collected via electrofishing from Harry S Truman Reservoir near 

Clinton, MO on June 20th and 22nd, 2017. A total of 50 Smallmouth Bass ranging from 20 to 34 cm TL 
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were collected from the Big Piney River above Slabtown Access in Mark Twain National Forest near 

Licking, MO in May of 2016. Fish were transported via large fiberglass tanks in the bed of a covered 

pickup truck, with adequate oxygen supplied by 12V aerators. Fish were treated with salt and formalin 

to remove parasites and veligers following the MDC zebra mussel treatment protocol (MDC, 2005). 

Before conducting the effective conductivity trials, we performed a series of experiments to 

determine if acclimation to water conductivity used in the experiments would influence the results. We 

collected 40 Smallmouth Bass that were housed in 0.2 Ha ponds at Little Dixie Lake Conservation Area 

near Columbia, Missouri and separated them into four groups of 10 fish. Two groups were tested for 

immobilization threshold (see methods below) at water conductivity matching that from which they 

were collected (120 µS/cm), and the other two were tested in water 1000 µS/cm higher in conductivity 

(1120 µS/cm). For each conductivity, one group was tested initially upon bringing the fish to the 

laboratory at the University of Missouri (i.e., within 2 hours of collection), and the other group was 

tested following a 24 hour acclimation period. The acclimated groups were held in 10 gallon aquaria 

with adequate aeration and temperature control. We repeated this acclimation experiment with 40 wild 

Blue Catfish collected from Harry S Truman Reservoir near Clinton, MO and observed an effect of 

holding/transportation stress. This prompted another round of acclimation trials with an initial resting 

period of 24 hours to attempt to eliminate the holding effect. We used 20 Blue Catfish (27 – 44 cm) and 

20 Flathead Catfish (19 – 41 cm) in this experiment as well. We used Analysis of covariance (ANCOVA) to 

test for differences in response thresholds based on holding time (low conductivity control group) or 

acclimation (high conductivity treatment group) with length as a covariate.  

To estimate effective conductivity, we determined the electrofishing immobilization thresholds 

for 50 individuals of each species across 10 water conductivities, ranging from 15 to 800 µS/cm (5 fish 

per each treatment of 15, 30, 50, 80, 100, 120, 170, 250, 500, 800 µS/cm). We conducted the 

experiments in 2 acrylic aquaria equipped with 20 gauge stainless steel plate electrodes mounted 
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perpendicular to the longitudinal axis on either end of the tank and connected to a Midwest Lake 

Electrofishing Systems Infinity Xstream backpack electrofisher (Midwest Lake Electrofishing Systems, 

LLC, Polo, MO). The test chamber we used for Smallmouth Bass was 255L with a cross section of 45 by 

61 cm and a width of 86 cm, and the tank we used for Flathead Catfish and Blue Catfish was 452L with 

the same cross section and a width of 149 cm. The Smallmouth Bass ranged from 20 to 35 cm TL, the 

Blue Catfish from 29 to 51 cm TL, and the Flathead Catfish from 20 to 42 cm TL. We filled the tank to 

approximately half full with deionized water and slowly added non-iodized salt while mixing the water 

to increase the ambient conductivity for each trial. The amount of salt added between trials varied as 

the conductivity changed.  For example, to increase from 15 to 30 µS/cm took~ 5 cm3, but 60-70 cm3 to 

increase the conductivity from 500 to 800 µS/cm. Once we had achieved the target conductivity and 

confirmed the measurement at multiple locations in the tank, we began the next set of trials.  

We used an averaging procedure similar to the methods identified by Kolz and Reynolds (1989) 

to determine effective conductivity. We could not test additional fish because laboratory space to hold 

fish for extended periods of time was limited. Using the averaging method, individual fish were placed in 

the tank, and we increased the voltage applied to the tank during each trial until the fish was 

immobilized. To reduce the time each fish was exposed to the current, we used the first of the five fish 

per treatment to identify the starting point voltage for the subsequent four individuals. Once the fish 

exhibited normal swimming behavior in the test chamber and oriented perpendicular to the electrodes, 

the electricity was activated. This “calibration” fish began the trial at one volt, and volts were increased 

at a rate of about one volt per second until immobilization was observed. The subsequent four trials 

began at one half of the immobilization voltage observed for the calibration fish, with one exception: if 

the calibration fish immobilized above 100 volts, the following trials began at 100 volts. This was done 

because when the voltage applied by the Xstream backpack electrofisher exceeds 100, it switches to 

another voltage range, and shuts off for a brief window. We used the standard sampling waveforms 
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recommended by the Missouri Department of Conservation: 60Hz pulsed DC with 25% duty cycle for 

Smallmouth Bass and 15Hz pulsed DC with 30% duty cycle for both catfish species (Girondo et al, 2012; 

MDC, 2015). 

Because immobilization is more easily defined than the other responses we recorded (see 

waveform experiment methods below), immobilization was the only response we recorded for effective 

conductivity trials. Electronarcosis can be accompanied by forced or uncontrolled swimming (Reynolds & 

Kolz, 2012), so immobilization was defined as the point where the fish ceases all voluntary and 

involuntary movements. We calculated the voltage gradient at immobilization by dividing the applied 

voltage by the distance between the electrodes, and confirmed the value at 20, 30 and 40 volts using a 

handheld oscilloscope and a voltage gradient probe with leads set to one cm apart. 

Voltage gradient was transformed to power density (µW/cm3; see equation below), which is the 

unit used by the base form of the power transfer equation. 

D=CwE2______________________________________________________________________equation 2 

Where D is power density (µW/cm3), Cw is ambient water conductivity (µS/cm), and E is voltage gradient 

(V/cm). This equation is derived from the second form of Joules’ law.   

After we collected immobilization thresholds from 50 individuals, we estimated the effective fish 

conductivity by fitting the data to the power transfer equation (see equation 1). The equation requires 

two constants, fish conductivity (Cf) and power density at matched conductivity (Dm). Using the 

statistical modeling program R, we modeled the applied power density (D) for 750,000 combinations of 

Dm (0.1-50; increments of 0.1) and Cf (0.1-150; increments of 0.1) and subtracted the predicted value 

from the value measured in our experiments to calculate the residuals. We calculated the sum of 

squares of the residuals (SSR) for each combination and found the minimum SSR to estimate Cf and Dm 

for that species.  
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Waveform experiments (objective 2) 

Resting time pilot study: 

We conducted a series of experiments to test if there was a difference in the voltage gradient of 

response thresholds for fish collected with electricity and rested for two hours and fish collected 

without electricity (i.e. jug lines, rod and reel angling, fish held long term in hatchery ponds). In February 

2016, we collected 27 Smallmouth Bass (25 to 42 cm TL) with electrofishing, using the 60/25 waveform 

and power goals recommended by the Missouri Department of Conservation (Girondo, et. al., 2012) and 

held them in an aerated holding tank. We tested Smallmouth Bass after a five minute (4 fish), 10 minute 

(4 fish), 30 minute (10 fish), or one hour (10 fish) holding period. An additional 15 Smallmouth Bass were 

collected via angling and tested without resting time. For this pilot study, we used an acrylic aquarium 

(47 cm wide by 49 cm deep by 189 cm long; 435L) with stainless steel electrodes mounted perpendicular 

to the longitudinal axis of the tank that covered the cross section on either end. The electrodes were 

connected to a Midwest Lake Electrofishing Systems Infinity Xstream backpack electrofisher (Midwest 

Lake Management Inc., Polo, MO), which would generate a homogenous electric field in the tank when 

activated. After the designated resting time, one fish was placed in the tank and, when the fish exhibited 

normal swimming behavior and regained equilibrium, the backpack electrofisher was activated at one 

volt and the current was increased at a rate of about one volt per second until the fish was immobilized. 

Two observers recorded taxis and immobilization response thresholds, and the average of the two was 

used to analyze the resting time experiments. We conducted an analysis of variance to determine if 

mean twitch or immobilization threshold differed by resting time or for fish collected with angling. For 

this pilot study, the five minute group had significantly lower taxis thresholds than the remaining 

groups, including the angling group (P=0.013). However, the voltage needed to produce an 
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immobilization response in Smallmouth Bass did not differ among the groups (P=0.13). However, we 

determined that a one hour resting period was short enough not to delay our trials, and felt more 

confident that a one hour holding time would minimize bias due to sampling method (Appendix 1).  

We conducted a similar pilot study with Blue Catfish in the spring of 2016. We collected 26 Blue 

Catfish (33 to 53 cm TL) with electrofishing, using the 15/30 waveform, and held them in an aerated 

holding tank. We tested Blue Catfish after being held 10 minutes (8 fish), 30 minutes (8 fish), or one hour 

(12 fish). For this pilot study, we used the same acrylic aquarium as the Smallmouth Bass pilot study and 

the same methods, with the 15/30 waveform used to test the fish. Two observers recorded twitch and 

immobilization response thresholds, and the average of the two thresholds was used to analyze the 

resting time experiments. For Blue Catfish, twitch was defined as an involuntary full body muscle 

contraction and was determined not to be a capture prone response, but rather the voltage at which the 

fish first senses the electricity and could possibly still escape the electric field. Immobilization was 

defined as cessation of all motion in the water, usually associated with rigid fins, lack of opercular 

movement, and loss of equilibrium. We conducted analysis of variance (ANOVA), testing if the 

immobilization response differed between the various resting times and the group collected via jug 

lines. In this pilot study, the group rested for one hour had significantly higher thresholds than all other 

groups except the group rested for 10 minutes (P=0.0392). We attribute part of this difference to the 

fact that the group of fish collected with electrofishing had shorter average lengths, and decided to use 

a two hour resting time for our subsequent trials with both Blue Catfish and Flathead Catfish, as this was 

the maximum holding time that was feasible for completing our experiments in a timely fashion. 

Resting time: 

We collected additional fish with our alternative methods (i.e., not electrofishing) across our 

temperature ranges to test if collection method affected our results after the respective one and two - 
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hour resting periods. These fish were compared to the results from our immobilization trials (see 

below). We collected 149 Smallmouth Bass via angling, 127 Blue Catfish via jug lines and fish held in 

experimental ponds, and 43 Flathead Catfish already held in experimental ponds from March to October 

2017 across our three temperature ranges (see immobilization trial methods below) and tested their 

electrofishing response thresholds under three waveforms: 60/25, 30/25, and 120/25 for Smallmouth 

Bass; 10/30, 12/30, and 15/30 for Blue Catfish. Due to limited sample size, we only tested the 15/30 

waveform with Flathead Catfish. We then compared these thresholds to those recorded in our other 

trials (immobilization trials; see below). We then used ANCOVA testing the effect of waveform and 

collection method with length as a covariate, testing for all interactions.  

Methods for these trials differed from the pilot study as follows: with Smallmouth Bass, we used 

a smaller tank that was 45 cm wide by 61 cm deep by 149 cm long (409L). The project team met at the 

2016 American Fisheries Society Annual Meeting to discuss and define fish responses observed during 

the trials. At this time, we identified three responses from Smallmouth Bass trials: twitch, forced 

swimming, and immobilization. Twitch was defined as an involuntary full body muscle contraction and 

not a capture prone response, but rather the voltage at which the fish first senses the electricity and 

could still escape the electric field. The other two responses, forced swimming and immobilization, were 

determined as capture-prone responses. Forced swimming was defined by exaggerated or uncontrolled 

muscle contractions that caused the fish to move through the water, usually associated with loss of 

equilibrium. Immobilization was defined as cessation of all motion in the water, usually associated with 

rigid fins, lack of gill plate movement, and loss of equilibrium. In a small percent of trials, we observed 

muscle contractions that did not cause fish to move through the water and occurred after the fish had 

lost equilibrium and ceased swimming, so these fish were identified as immobilized. 

These trials also differed from the pilot study in that we recorded all trials using GoPro cameras, 

and three (catfish) or four (Smallmouth Bass) observers viewed the videos and recorded responses after 
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the trial. If two of the three (catfish) or three out of four (Smallmouth Bass) observers recorded a 

response within 3 volts of one another, we considered that agreement and used the observation of a 

pre-determined observer. If not, we revaluated the trial based on the observations of other viewers or 

discussed the trial during a conference call to reach agreement.  

Immobilization trials: 

Our primary objective was to determine if fish size, water temperature, and electrofishing 

waveform affected the voltage required to produce various responses, also referred to as response 

thresholds. For Smallmouth Bass, we recorded twitch, forced swimming, and immobilization thresholds. 

For Blue Catfish and Flathead Catfish, we recorded twitch, aggressive twitch, surfacing, and 

immobilization thresholds. We defined aggressive twitch as a distinct up and down shuddering of the 

fish’s tail, usually accompanied by swimming but that could also be accompanied by immobilization. We 

determined that surfacing was the most important capture-prone response because it allows the fish to 

be collected by netters during an electrofishing sample. Surfacing was identified when the fish broke the 

surface of the water in the tank involuntarily and stayed at the surface for at least three seconds, usually 

accompanied by uncontrolled swimming and loss of equilibrium and at times accompanied by 

immobilization.  

We collected 607 Smallmouth Bass via electrofishing (see sampling methods above) from the 

Current, Eleven Point, James, and Big Piney Rivers in southern Missouri from July 2016 to January 2018.  

All electrofishing responses (immobilization, twitch, and forced swimming) were recorded and viewed 

by the four observers to determine the agreement between viewers for the three different responses. 

Initial agreement (i.e. three of four observers were within 3 volts) was near 80%, and the remaining 

trials were further examined until the team could reach 100% agreement. In addition, 62 Smallmouth 

bass were removed from further analysis because the fish 1) appeared disoriented at the beginning of 
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the trial, 2) were collected outside the length range that we tested across all waveforms (i.e., only one 

or few waveforms were tested with fish of that particular size), 3) were used in trials with an alternative 

set of methods, or 4) were collected outside the target temperature range. We attempted to collect at 

least five fish from each of three length groups (stock, 18-28 cm; quality, 28-35 cm; preferred, 35-43 cm) 

for each combination of temperature and waveform. Therefore, we retained 545 Smallmouth Bass 

ranging from 20 cm to 43 cm TL (Appendix 2) and recorded immobilization, twitch, and forced swimming 

thresholds in volts and converted it to voltage gradient (V/cm) at matched conductivity to account for 

differences in ambient water conductivity. We conducted trials in three water temperature ranges (cold, 

11-14°C; cool, 17-20°C; warm, 22-25°C) and tested 12 electrical waveforms (Appendix 2; listed as 

frequency (Hz)/duty cycle (%)).  

We collected 709 Blue Catfish via electrofishing and jug lines from Truman Reservoir, the 

Missouri River, and the Grand River from April to October 2017. All electrofishing responses (twitch, 

aggressive twitch, surfacing, and immobilization) were recorded and viewed by three different observers 

to determine the agreement between viewers for the four responses. Initial agreement was over 90% 

among at least two of the three observers, and the remaining trials were further examined until the 

team reached 100% agreement or eliminated a trial due to inconsistent response. A total of 164 Blue 

Catfish were removed from further analysis because the fish 1) exhibited an inconsistent response, 2) 

were longer than the length range reflected across all waveforms tested (i.e. >100cm), 3) were collected 

outside the target temperature range or 4) were tested under a waveform not reflected across the 

range of length tested. Therefore, we retained 545 Blue Catfish ranging from 35 to 100 cm in total 

length (TL; Appendix 3) and recorded immobilization, surfacing, aggressive twitch, and twitch thresholds 

in volts and converted the thresholds to voltage gradient (V/cm) at matched conductivity. 

We collected 881 Flathead Catfish via electrofishing from Truman Reservoir, Higginsville City 

Lake, Cameron City Reservoir #3, Edwin A. Pape Lake, Che-Ru Lake, Montrose Lake, the Missouri River, 
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and the Grand River from April to October 2017. All electrofishing responses (twitch, aggressive twitch, 

surfacing, and immobilization) were recorded and viewed by three different observers to determine the 

agreement between viewers for the four responses. Initial agreement was over 90% among at least two 

of the three observers, and the remaining trials were further examined until the team reached 100% 

agreement or eliminated a trial due to inconsistent response. A total of 265 Flathead Catfish were 

removed from further analysis because the fish 1) exhibited an inconsistent response, 2) were outside 

the length range reflected across all waveforms tested (i.e. >100 cm), 3) were collected outside the 

target temperature range or 4) were tested under a waveform not reflected across the range of length 

tested. Therefore, we retained 616 Flathead Catfish ranging from 25 to 100 cm TL (Appendix 4) and 

recorded immobilization, surfacing, aggressive twitch, and twitch thresholds in volts and converted the 

thresholds to voltage gradient (V/cm) at matched conductivity.  

Prior to further analysis, we conducted a correlation analysis to determine if the responses were 

highly correlated, which would suggest that independent analysis of each response may not be needed.  

However, the relationship between twitch, forced swimming, and immobilization were not highly 

correlated for Smallmouth Bass, and there was generally high variability (r2 from 0.01 to 0.04). For Blue 

Catfish, no responses were highly correlated (r2 from 0.0006 to 0.41), but the surfacing threshold tended 

to be around 60-70% of the immobilization threshold (r2=0.41). For Flathead Catfish, responses were 

somewhat correlated (r2 from 0.34 to 0.69), with the surfacing threshold again being about 60-70% of 

the immobilization threshold. However, we conducted independent analyses for each response. 

We performed analysis of covariance (ANCOVA) for all three species and water temperature 

ranges separately, testing if mean voltage gradient for the different fish responses differed by waveform 

using length as a covariate. A Levene’s test for equal variances for each response revealed that variances 

were equal for Smallmouth Bass (Table 2) but not for all catfish responses, so we log transformed the 

Catfish data to better meet the assumption of equal variances (Table 2). For each temperature range, 
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we constructed a linear model testing the response of immobilization threshold against length, 

waveform, and their interaction. If the interaction was not significant, we then returned an ANCOVA 

with type III sums of squares on the produced model. 

We determined if the response thresholds differed by other waveform characteristics like pulse 

frequency and pulse width. For Smallmouth Bass, we tested both frequency and pulse width using 

analysis of covariance with length as a covariate, and for catfish we tested only frequency because each 

waveform had a unique pulse width (so the analysis would not differ from waveform analysis). For 

catfish, we also calculated the difference in applied voltage between the initial twitch and 

immobilization responses. If this value, referred to as “useful field,” was high, it suggests a higher 

likelihood of producing the surfacing response. We hypothesized that a longer exposure to a non-

immobilizing voltage gradient may provide more opportunity for this response to occur. 

Power Goals (objective 3) 

To calculate power goals for each species, we used our estimate for effective conductivity (see 

results below, page 27) and the power transfer equation as well as power output and ambient 

conductivity data from successful electrofishing samples for each species. These were incorporated into 

the “EF Goal Power” spreadsheet provided by Jan Dean of Dean Electrofishing, LLC. For specific 

equations, see page 6. For Smallmouth Bass, we used the average power output and ambient 

conductivity from five samples following the MDC Smallmouth Bass sampling protocol on the James 

River. Because there is an existing power goal and sampling protocol that is regarded as effective for the 

capture of Smallmouth Bass, we did not need a robust average built from multiple samples. The average 

ambient conductivity during the five Smallmouth Bass samples was 410 µS/cm, the average voltage 

output was 251 V, the average current output was 15.4 A, and the average power output was 3866 W.  
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Because existing sampling methods for catfish are lacking, we used the average of many 

successful samples to build our starting point. We used capture data from the ongoing MDC Big Rivers 

Catfish Assessment project and considered successful capture to be greater than 120 fish per hour for 

each catfish species (Kyle Winders, MDC, personal communication). In total, there were 81 samples that 

were considered successful. We also built power goals using sampling data from reservoirs and small 

impoundments, where ambient conductivities tend to be much lower. We used a total of eight samples 

from the immobilization trials phase of the project. For rivers, the average ambient conductivity was 563 

µS/cm, the average voltage output was 192 V, the average current output was 20.6 A, and the average 

power output was 3837 W. These outputs were achieved with a modified anode array consisting of one 

dropper of one inch diameter per boom. For reservoirs, the average ambient conductivity was 273 

µS/cm, the average voltage output was 199 V, the average current output was 19 A, and the average 

power output was 3805 W. These outputs were achieved using a traditional anode configuration of six 

droppers one inch in diameter per boom. 

Using the appropriate average as a starting point, a power output that would produce successful 

capture was estimated for a range of ambient conductivities (20 to 800µS/cm). We also generated 

power goals using the previously suggested conductivity value of 115µS/cm and calculated the percent 

difference between the two. Miranda and Dolan (2003) suggested that a difference of less than 30% is 

appropriate to minimize error. This is based on their findings that the multiplier of constant power 

(MCP) generated for fish with an effective conductivity of 75 to 150µS/cm was at maximum 30% 

different than that generated from their recommended effective conductivity value of 115µS/cm. 
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Results 

Effective Conductivity (objective 1) 

Acclimation Trial Results: 

The mean Smallmouth Bass immobilization threshold did not differ between the fish acclimated 

for 24 hrs and the non-acclimated group for high conductivity (treatment group; P=0.86) or low 

conductivity (control group; P=0.39; Table 3). Therefore, we conducted the effective conductivity trials 

without lengthy acclimation, which allowed the fish to be held no longer than one day. 

The mean immobilization threshold for Blue Catfish did not differ for fish not acclimated for 24 

hours for both high conductivity (treatment group; P=0.50) and low conductivity (control group; P=0.78).  

However, we also observed a ~20% mortality rate in the Blue Catfish that were held for 48 hours. The 

Flathead Catfish tested in the same manner did not exhibit any mortality, but the results followed a 

similar pattern, with no difference in mean immobilization threshold due to acclimation in high 

(treatment group; P=0.17) or low (control group; P=0.13) conductivity groups (Table 3). Therefore, we 

introduced a 12 hour holding period for these fish before the effective conductivity experiments, which 

we expected would reduce the stress from handling and transportation observed in our initial 

experiments, but minimize any stress from lengthy holding periods in the lab observed in the second 

round of experiments. We found no significant interactions between length and treatment (Ps > 0.18; 

Table 3), no significant effect of holding period in the control groups (Ps > 0.13; Table 3), and no 

significant effect of acclimation in the treatment groups (Ps > 0.17; Table 3). 
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Effective Conductivity Results: 

Our estimates of effective conductivity were 123 µS/cm for Smallmouth Bass, 94µS/cm for Blue 

Catfish, and 69µS/cm for Flathead Catfish (Table 4). To evaluate the difference between these three 

species, we generated 95% confidence intervals for power density at matched conductivity (Dm) based 

on the response thresholds from our experiments at or near this estimate. The confidence intervals for 

these estimates overlapped, but Smallmouth Bass had the lowest estimate (5.1µW/cm3, CI 2.0-12.2), 

with both catfish species having estimates that were more than double than that of Smallmouth Bass 

(Flathead Catfish: 12.41µW/cm3, CI 6.6-20.9; Blue Catfish 11.21µW/cm3, CI 6.9-18.2). Each species had a 

unique estimate for effective conductivity, and models for all three species produced good fits to the 

data for each species (R>0.89; Table 4).  

Waveform Experiments (objective 2) 

Smallmouth Bass Resting Time: 

Under the twitch and forced swimming responses in cold water (11-14°C), there was no 

significant interaction (Ps>0.28) and no effect of method (P=0.46 for twitch; P=0.19 for forced 

swimming). For the immobilization response in cold water, there was a significant interaction between 

length, waveform, and collection method (P=0.038), so we separated the data by waveform and 

conducted three ANCOVAs testing the effect of method with length as a covariate. There was no effect 

of method for the 30/25 waveform (P=0.97) or the 60/25 waveform (P=0.078), but immobilization 

threshold tended to be higher for fish collected with electrofishing under the 120/25 waveform 

(P=0.016; Appendix 5). 

Under the twitch response in cool water (17-20°C), there were not sufficient observations to 

conduct an ANCOVA, so we separated the analysis by waveform. There were only four fish collected 

with angling and tested under the 120/25 waveform, and none of them exhibited the twitch response, 
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so we could not compare the results of the two collection methods. The 60/25 waveform showed no 

interaction between length and method (P=0.99) and no effect of method (P=0.98). However, twitch 

thresholds tended to be higher for fish collected with electrofishing and tested under the 30/25 

waveform (P=0.044; Appendix 6). However, the seven fish tested after collection via angling were less 

than 28 cm TL, and all of the fish collected with electrofishing were greater than 25cm TL. Therefore, fish 

length may have contributed to the difference observed between the two groups. When compared only 

to the fish collected via electrofishing that were less than 28 cm TL (N=5), the fish collected via angling 

(N=7) did not have significantly different twitch thresholds (P=0.24). There was no significant interaction 

for wither the forced swimming (P=0.08) and immobilization (P=0.30) responses in cool water and no 

effect of method (P=0.58 for forced swimming; P=0.57 for immobilization). 

For all responses in warm water (22-25°C), there was no significant two or three way interaction 

(Ps>0.11), and no significant effect of collection method (P=0.88 for twitch; P=0.27 for forced swimming; 

P=0.13 for immobilization). 

Blue Catfish Resting Time: 

In cold water, there was no interaction (Ps>0.44) and no effect of method for either response 

(P=0.86 for immobilization; P=0.50 for twitch). In cool water, there was no interaction (Ps>0.25) and no 

effect of method for either response (P=0.40 for immobilization; P=0.72 for twitch). In warm water, 

there was no interaction (Ps>0.22) and no effect of method for immobilization (P=0.76) or twitch 

(P=0.77). Therefore, across all water temperatures, the Blue Catfish collected by electrofishing and 

rested for two hours had similar twitch and immobilization thresholds when compared to fish that were 

collected without electrofishing. 
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Flathead Catfish Resting Time: 

In cold water, only 15 Hz waveforms were tested for the immobilization trials, so we used only 

the 15/30 waveform in the resting time experiments. An ANCOVA testing the effect of collection 

method on immobilization threshold with length as a covariate revealed no interaction between method 

and length (P=0.35) and no effect of method (P=0.97) or length (P=0.28). We repeated the ANCOVA with 

twitch threshold as the response, and once again there was no interaction between method and length 

(P=0.12), but the fish collected with electrofishing exhibited lower twitch thresholds than those 

collected without electrofishing (P=0.045; Appendix 7). 

In cool water, we could only test one waveform for the resting time trials because of low sample 

size (N=14), so we used the 15/30 waveform. An ANCOVA testing the effect of method on 

immobilization threshold with length as a covariate revealed interaction between method and length 

(P=0.0032), so we separated the tests into stock to quality length fish (35-50 cm) and quality length and 

larger (50cm+) and repeated the test for each group. There was no interaction between length and 

collection method for either group (Ps>0.16) and no effect of method was observed (P=0.38 for stock to 

quality length group; P=0.38 for quality and greater length group).  We repeated the ANCOVA using 

twitch threshold as the response and there was no interaction between length and collection method 

(P=0.12). However, twitch thresholds were lower for the group of fish collected with electrofishing 

(P=0.027; Appendix 8). Therefore, across both water temperatures, the voltage needed to immobilize a 

Flathead Catfish was not influenced by collection method after the fish was held for two hours, but in 

cool water, the voltage needed to produce a twitch response may be lower for fish that were collected 

via electrofishing. 

We collected Flathead Catfish for our resting time experiments via hoop nets on the Grand River 

during July 2017. These collections were done when water temperatures exceeded our maximum 
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temperature range, so they may not be comparable to the trials we conducted with fish collected by 

electrofishing. However, we found no effect of collection method for the immobilization response under 

the 15/30 (P=0.10), 12/30 (P=0.47), or 10/30 (P=0.36) waveforms. For the twitch response, there was no 

effect of method for the 15/30 waveform (P=0.21), and no fish collected via hoop net exhibited the 

response under the 12/30 waveform. The 10/30 waveform produced higher twitch thresholds for fish 

collected with electrofishing (P<0.001). 

Smallmouth Bass Response trials: 

Significant effects revealed by the ANCOVA and a range of average thresholds for similar 

waveforms are reported below. For specific information on average thresholds and standard deviations 

for each waveform, see appendix 2. 

Cold water (11-14°C) 

For Smallmouth Bass in cold water, all waveforms except the 30/40 waveform produced similar 

twitch thresholds (P=0.39) and showed no effect of length (P=0.76). Average twitch response thresholds 

for each waveform ranged from 0.05 V/cm to 0.11 V/cm for stock length fish and 0.06 V/cm to 0.14 

V/cm for preferred length fish. There was significant interaction between fish length and waveform for 

the twitch response (P=0.004; Table 5 left column; Table 6). The 30/40 waveform had a significantly 

different slope and intercept with relation to length than the others, but there were only four 

individuals that exhibited the response under the 30/40 waveform, so we removed it and repeated the 

ANCOVA. The ANCOVA on the remaining 11 waveforms revealed no significant interaction (P=0.40), no 

effect of waveform, no effect of length, and did not have a significant intercept (P=0.38). Our observed 

results for cold water can be found in Figure 3 and Appendix 9.  

For the forced swimming response in cold water, the 30 Hz waveforms were similar (P=0.56) and 

forced swimming threshold decreased with length (P=0.049). The remaining waveforms were similar 
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(P=0.30) and no effect of length (P=0.84). For the 30 Hz waveforms, the average forced swimming 

threshold ranged from 0.21 V/cm to 0.25 V/cm for stock length fish and 0.13 V/cm to 0.15 V/cm for 

preferred length fish. For the remaining waveforms, the average response threshold ranged from 0.14 

to 0.18 for stock length fish and 0.12 to 0.20 for preferred length fish. There was an interaction between 

Smallmouth Bass length and waveform for the forced swimming response (P=0.020; Table 5 center 

column; Table 6). Further examination revealed that the 30Hz waveforms were driving the interaction. 

We removed these waveforms (30/15, 30/25, 30/30, and 30/40), and conducted the ANCOVA again. The 

eight remaining waveforms showed no interaction with length (P=0.11), and no significant effect of 

waveform or length. We also conducted an ANCOVA on the four 30Hz waveforms that were removed. 

These waveforms also showed no significant interaction (P=0.45) or effect of waveform, and but did 

show a significant effect of length. Our recorded responses for Smallmouth Bass in cold water can be 

found in Figure 3, Appendix 9, and Appendix 10.  

For the immobilization response in cold water, no waveform had a length effect (P=0.63), but 

the 120/40 and 60/30 waveforms produced higher average thresholds than the other waveforms 

(P=0.033). The average immobilization thresholds for the 120/40 and 60/30 waveforms ranged from 

0.46 V/cm to 0.48 V/cm for stock length fish and 0.26 V/cm to 0.31 V/cm for preferred length fish. For 

the remaining waveforms, the average immobilization response ranged from 0.22 V/cm to 0.41 V/cm for 

stock length fish and 0.22 V/cm to 0.42 V/cm for preferred length fish. Our observed results for 

Smallmouth Bass in cold water can be found in Figure 3, Appendix 9, and Appendix 10. 

 Cool water (17-20°C) 

We were lacking observations for fish above 35 cm under the 120/15 waveform in cool water, 

so we eliminated this waveform from our analysis. 
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In cool water, all waveforms produced similar thresholds for all responses, and all response 

thresholds decreased with length (Table 5; Table 6). Average twitch thresholds ranged from 0.07 V/cm 

to 0.13 V/cm for stock length fish and 0.05 V/cm to 0.10 V/cm for preferred length fish.  Average forced 

swimming thresholds ranged from 0.17 V/cm to 0.24 V/cm for stock length fish 0.12 V/cm to 0.19 V/cm 

for preferred length fish. Average immobilization thresholds ranged from 0.28 V/cm to 0.43V/cm for 

stock length fish and 0.24 V/cm to 0.32 V/cm for preferred length fish. Our observed responses for 

Smallmouth Bass in cool water can be found in Figure 3, Appendix 10, and Appendix 11. 

Warm water (22-25°C) 

For Smallmouth Bass in warm water, there was no waveform effect for any response, and no 

length effect for twitch or forced swimming. However, immobilization threshold decreased with length 

(Table 5; Table 6). Average twitch thresholds did not differ among lengths but ranged from 0.08 V/cm to 

0.17 V/cm for stock length fish and 0.07 V/cm to 0.12 V/cm for preferred length fish. Average forced 

swimming thresholds ranged from 0.18 V/cm to 0.32 V/cm for stock length fish and 0.16 V/cm to 0.26 

V/cm for preferred length fish. Average immobilization thresholds ranged from 0.38 V/cm to 0.41 V/cm 

for stock sized fish and 0.24 V/cm to 0.37 V/cm for preferred length fish. Observed results for 

Smallmouth Bass in warm water can be found in Figure 3 and Appendix 12.   

Pulse Frequency  

Under the twitch and immobilization responses in cold water (11-14°C), there was no significant 

interaction between length and pulse frequency (Ps>0.68) and no effect of frequency (P=0.46 for twitch; 

P=0.64 for immobilization), and no effect of length (P=0.21 for twitch; P=0.13 for immobilization). 

However, the forced swimming response had interaction between length and frequency (P=0.0011). 

Further analysis revealed that under 30Hz and 60Hz waveforms, forced swimming threshold decreased 

with length (P<0.0001) and under 120Hz waveforms, there was no length effect (P=0.94). The 30Hz 
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waveforms produced higher thresholds than 60Hz waveforms (P=0.022). The model predicts an average 

forced swimming threshold of 0.234 V/cm for 20 cm fish and 0.121 V/cm for 40 cm fish with 30Hz 

waveforms. The predicted values for 60Hz waveforms are 0.182 V/cm for 20 cm fish and 0.116 V/cm for 

40 cm fish. We predicted average forced swimming thresholds of 0.174 under 120Hz waveforms. 

For cool water, there was no interaction between frequency and length for any response 

(Ps>0.16), and no effect of frequency for any response (Ps>0.13). However, forced swimming and 

immobilization thresholds decreased with length (P=0.030 for forced swimming; P<0.0001 for 

immobilization; see response trial results for threshold predictions). 

In warm water, there was no interaction between frequency and length for any response 

(Ps>0.24) and no effect of frequency for any response (Ps>0.11). However, all three response thresholds 

decreased with length (P=0.026 for twitch; P=0.030 for forced swimming; P=0.0022 for immobilization; 

see response trials above for predicted response thresholds). 

Pulse Width 

For Smallmouth Bass, the 12 waveforms tested produced 10 unique pulse widths. The 60/15 and 

120/30 waveforms produced the same pulse width (2.5ms), and the 60/30 and 30/15 waveforms 

produced the same pulse width (5ms). All other waveforms produced a unique pulse width. Boxplots 

showing the distribution of voltage gradient data across pulse widths can be found for each temperature 

and response threshold in the appendix (Appendix 13). 

In cold water, pulse width had no significant interaction with length for the immobilization or 

forced swimming response (Ps>0.18), and no significant effect on either threshold (P=0.35 for 

immobilization; P=0.23 for forced swimming). However, there was significant interaction between pulse 

width and length under the twitch response (P=0.018). A pulse width of 13.3 ms had a significantly 

different slope than the rest of the pulse widths. This value corresponds with the 30/40 waveform, 



34 
 

which the previous waveform analysis had identified as different for twitch in cold water. Because all of 

the other waveforms were similar, we conclude that these results parallel those from the previous 

waveform analysis (see above). 

In cool water, pulse width had no significant interaction with length for any responses (Ps>0.20) 

and had no significant effect on any responses (P=0.14 for twitch; P=0.65 for forced swimming; P=0.17 

for immobilization). However, length still had a significant relationship with all responses, as reported in 

previous analyses (Ps<0.041). 

In warm water, pulse width had no significant interaction with length for any responses 

(Ps>0.071) and had no significant effect on any responses (P=0.070 for twitch; P=0.41 for forced 

swimming; P=0.38 for immobilization). However, length had a significant negative relationship with 

immobilization threshold (P=0.034). 

Blue Catfish Immobilization Trials 

Cold water (13-17°C): 

For Blue Catfish under the twitch response in cold water, there was no effect of waveform 

(P=0.54), and no effect of length (P=0.39; Table 6; Table 7). We predict an average log twitch threshold 

of -0.887 V/cm (0.128 V/cm) for fish between 25 and 100 cm TL (Table 6; Figure 4; Appendix 14; 

Appendix 15). 

The 15/10, 80/10, and 80/30 waveforms did not produce the aggressive twitch response, and 

the 15/30 and 12/30 waveforms only produced aggressive twitch in one fish, so these waveforms were 

removed from further analysis (Appendix 3). The remaining eight waveforms were similar and had no 

effect of length (Table 6; Table 7). The model predicts an average log aggressive twitch threshold of -
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0.688 V/cm (0.205 V/cm) for fish between 25 and 100 cm TL (Table 6; Figure 4; Appendix 14; Appendix 

15). 

Only nine fish out of 128 fish tested in cold water exhibited the surfacing. Six waveforms 

produced this response: 10/10, 10/30, 15/10, 15/30, 8/10, and 9/30 (Appendix 3; Appendix 16).  

There was interaction between waveform and length for the immobilization response 

(P=0.0013; Table 6; Table 7), with the 8/10, 15/30, and 10/30 waveforms having significantly different 

slopes than the other waveforms. We removed these three waveforms and repeated the ANCOVA. For 

the nine remaining waveforms, all waveforms were similar with a significant effect of length (P=0.0015). 

Length had a negative relationship with the log of immobilization threshold, and the model predicts 

average log immobilization thresholds of -0.423 V/cm (0.376 V/cm) for 25 cm fish and -0.683 V/cm 

(0.207 V/cm) for 100 cm fish.  

For the three waveforms that were removed, there was significant interaction between length 

and waveform (P=0.0035), with the 8/10 waveform having a significantly different slope. The 15/30 and 

10/30 were similar with no length effect. The model predicts an average log immobilization threshold of 

-0.688 V/cm (0.205 V/cm) for fish between 25 and 100 cm TL for these two waveforms. The 8/10 

waveform showed a significant negative relationship with length (P=0.0069), but only was tested for fish 

up to 65 cm. For this waveform, the model predicts an average log immobilization threshold of -0.127 

V/cm (0.746 V/cm) for 25cm fish and -0.623 V/cm (0.238 V/cm) for 65cm fish (Figure 4; Appendix 14; 

Appendix 15). 

Cool water (18-22°C): 

For Blue Catfish under the twitch response in cool water, all waveforms were similar with no 

length effect (Table 6; Table 7). The model predicted an average log twitch threshold of -1.008 V/cm 

(0.098 V/cm) for fish between 25 and 100 cm TL (Figure 4; Appendix 15; Appendix 17).  
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We removed five waveforms for which there were one or zero observations of aggressive twitch 

(80/10, 80/30, 15/10, 15/30, and 12/30; Appendix 3). The remaining seven waveforms were similar with 

no effect of length (Table 6; Table 7). The model predicts an average log aggressive twitch threshold of -

0.787 V/cm (0.163 V/cm) for fish between 25 and 100 cm TL (Figure 4; Appendix 15; Appendix 17). 

Only seven of 202 fish (3.5%) tested produced a surfacing response (Appendix 3). One fish 

surfaced under each of seven waveforms: 10/30, 12/10, 12/30, 15/30, 8/30, 80/10, and 9/10 (Appendix 

18). 

There was interaction between Blue Catfish length and waveform for the immobilization 

response (Table 6; Table 7), with the 15/10, 15/30, 12/30, and 10/30 waveforms having significantly 

different slopes, so we removed those waveforms and repeated the ANCOVA. The remaining eight 

waveforms were similar with a significant effect of length (P<0.0001; Table 6; Table 7). There was a 

predicted log immobilization threshold of -0.363 V/cm (0.434 V/cm) for 25c m fish and -0.666 V/cm 

(0.216 V/cm) for 100 cm fish. The four waveforms that were removed were similar with no effect of 

length. The model predicts an average log immobilization threshold of -0.541 V/cm (0.288 V/cm) for fish 

between 25 and 100 cm TL (Figure 4; Appendix 15; Appendix 17). 

Warm water (24-28°C): 

All waveforms produced similar twitch thresholds in Blue Catfish in warm water, and there was 

no effect of length (Table 6; Table 7). The model predicts an average log twitch response threshold of -

0.911 V/cm (0.123 V/cm; Figure 4; Appendix 15; Appendix 19).  

The 80Hz waveforms did not produce the aggressive twitch response and the 15/30 waveform 

only produced the response in one fish (Appendix 3), so those waveforms were removed. The 12/10 and 

9/10 waveforms produced similar thresholds and did not show an effect of length. All seven remaining 

waveforms were similar, and also had no length effect. There was interaction between length and 
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waveform (Table 6; Table 7), with the 12/10 waveform and 9/10 waveforms having different slopes than 

the others. The model predicts an average log aggressive twitch response of -0.733 V/cm (0.185 V/cm) 

for the group of seven waveforms. The removed 12/10 and 9/10 waveforms had predicted average log 

aggressive twitch thresholds of -0.543 V/cm (0.286 V/cm; Figure 4; Appendix 15; Appendix 19). As 

neither group had a significant length effect, we attribute the length/waveform interaction observed in 

the model to the lengths of the fish that were tested. For the two waveforms that were removed, only 

three fish over 65cm TL exhibited the aggressive twitch response, all under the 9/10 waveform. 

We observed surfacing in 13 out of 220 fish (5.2%) tested in warm water (Appendix 3). 

Therefore, no further analysis was conducted. Seven waveforms produced at least one surfacing 

response: 10/10, 12/10, 15/10, 15/30, 8/10, 9/10, and 80/10 (Appendix 20). 

There were three groups of similar waveforms under the immobilization response in cold water. 

The 15/10 and 12/10 waveforms produced lower immobilization thresholds and had a negative 

relationship with length. The 9/30 waveform had no effect of length, and all remaining waveforms had a 

significant length effect and produced slightly higher thresholds. There was interaction between length 

and waveform for the immobilization response (Table 6; Table 7), with the 9/30 waveform having a 

significantly different slope. The 11 remaining waveforms showed no interaction between length and 

waveform (P=0.10) but there was a significant effect of waveform (P=0.039) and length (P=0.031). The 

15/10 and 12/10 waveforms had lower intercepts than the other waveforms and produced log 

immobilization thresholds of -0.382 V/cm (0.415 V/cm) for 25 cm fish and -0.496 V/cm (0.319 V/cm) for 

100 cm fish. For the 9 other waveforms, the predicted log immobilization thresholds were -0.378 V/cm 

(0.419 V/cm) for 25cm fish and -0.571 V/cm (0.269 V/cm) for 100 cm fish. For the 9/30 waveform that 

was removed, there was no effect of length (P=0.17), and the model predicts an average log 

immobilization threshold of -0.426 V/cm (0.375 V/cm) for fish between 25 and 100 cm TL (Figure 4; 

Appendix 15; Appendix 19).  
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Pulse Frequency  

In cold water, there was interaction between length and pulse frequency for the immobilization 

response (P=0.0017), with the 8 and 80Hz frequencies having a significant negative relationship with 

length (P<0.0001), while the remaining frequencies showed no effect of length (P=0.69; Appendix 21). 

The 8Hz and 80Hz frequencies were only tested for fish up to 65cm TL, and the predicted log 

immobilization threshold was -0.302 V/cm (0.450 V/cm) for 25cm fish and -0.644 V/cm (0.227 V/cm) for 

65cm fish. The other frequencies were predicted to produce mean log immobilization thresholds of -

0.546 V/cm (0.284 V/cm) for fish between 25 and 100cm. We repeated the ANCOVA with the log of 

twitch and aggressive twitch threshold, and neither response showed any interaction (Ps>0.22) or effect 

of frequency (Ps>0.33). 

In cool water, there was interaction between length and pulse frequency for the immobilization 

response (P=0.0070). The voltage needed to immobilize Blue Catfish did not differ by length for the 12 

and 15Hz frequencies (P=0.13), but decreased with length for the remaining frequencies (<0.0001; 

Appendix 22). Under the 12 and 15Hz frequencies, the predicted log immobilization response for fish 

between 25 and 100 cm was -0.530 V/cm (0.295 V/cm). The predicted values for the remaining 

waveforms were -0.378 V/cm (0.419 V/cm) for 25 cm fish and -0.665 V/cm (0.216 V/cm) for 100 cm fish. 

We repeated the ANCOVA with the log of twitch and aggressive twitch threshold, and neither response 

showed any interaction (Ps>0.23) or effect of frequency (Ps>0.11). 

In warm water, there was interaction between length and frequency for the immobilization 

response (P=0.050), with a significant negative slope for four of the six frequencies (P<0.0001; 8Hz, 

10Hz, 12Hz, 80Hz). The remaining (9Hz and 15Hz) frequencies produced similar thresholds (P=0.81) and 

showed no effect of length (P=0.65; Appendix 21). For the 9Hz and 15Hz frequencies, the predicted log 

immobilization threshold for fish between 25 and 100 cm TL was -0.478 V/cm (0.333 V/cm). For the 
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other four frequencies, the predicted values were -0.353 V/cm (0.444 V/cm) for 25 cm fish and -0.579 

V/cm (0.264 V/cm) for 100 cm fish. For the twitch response, there was interaction between length and 

frequency. In this case, the 80Hz frequency produced a steeper slope than the remaining frequencies, 

but all frequencies showed a positive relationship with the log of twitch threshold (P=0.0005 for 80Hz; 

P=0.033 for the remaining frequencies). The 80Hz frequencies were not tested on fish less than 65 cm 

TL, and the predicted log twitch thresholds were -1.24 V/cm (0.058 V/cm) for 25 cm fish and -0.64 V/cm 

for 65 cm fish (0.229 /cm). For the remaining frequencies, the predicted values were -1.04 V/cm (0.091 

V/cm) for 25 cm fish and -0.797 V/cm (0.160 V/cm) for 100 cm fish (Appendix 23). We repeated the 

ANCOVA for the log of aggressive twitch threshold after removing the frequencies that did not produce 

the response (see above). There was interaction between length and the log of aggressive twitch 

threshold (P=0.012), with the 12Hz and 9Hz frequencies having a significant positive relationship with 

length (P=0.045) while the remaining waveforms had no effect of length (P=0.23). The predicted log 

aggressive twitch threshold for the 12Hz and 9Hz frequencies was -0.900 V/cm (0.126 V/cm) for 25 cm 

fish and -0.29 V/cm (0.513 V/cm) for 100 cm fish. For the remaining frequencies, the predicted log 

aggressive twitch response was -0.765 V/cm (0.172 V/cm) for fish between 25 and 100 cm.    

Useful field 

In cold water, there was interaction between length and waveform for the log of the useful field 

(P=0.049), with no effect of length for the 15/30 waveform (P=0.76) while the log of useful field 

decreased with length for all other waveforms (P<0.001; Appendix 24). In cool water, there was no 

interaction between waveform and length (P=0.078), but there was a waveform effect (P=0.0051). The 

15/30 waveform produced a lower useful field value than the others (Appendix 25) and all waveforms 

had a negative relationship between useful field and length (P=0.00018). In warm water, there was an 

interaction between length and waveform (P=0.047), with the 80Hz waveforms producing lower useful 
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field values than the other waveforms (Appendix 26). All waveforms produced a negative relationship 

between length and useful field (P=0.034 for 80Hz waveforms; P=0.029 for remaining waveforms).  

In summary, the difference between the twitch and immobilization responses produced by 

various waveforms was generally similar, but in cold water, the 15/30 waveform produced higher useful 

field values in smaller fish, and in cool water, the 15/30 waveform produced lower useful field values 

than the other waveforms. In addition, the 80Hz waveforms produced lower useful field values in warm 

water. These results would suggest that the 15/30 and 80Hz waveforms may not be the most effective, 

if a high useful field value is associated with surfacing as we hypothesize.  

Flathead Catfish Immobilization Trials 

Cold water (13-17°C) 

In cold water, twitch thresholds were similar for the 15/10 and 15/30 waveforms and there was 

no length effect. These waveforms also produced similar immobilization thresholds, but immobilization 

threshold decreased with length (Table 6; Table 8). We had less than 50 observations across only three 

waveforms in cold water: 10/10, 15/10, and 15/30. We only had three observations for 10/10, and they 

were within 5 cm in length, so they were removed from the analysis. We compared responses for the 

15/30 and 15/10 waveforms only. The predicted average log response was -1.201 V/cm (0.063 V/cm; 

Figure 5; Appendix 27; Appendix 28). Only three fish exhibited the aggressive twitch response, all under 

the 15/30 waveform. Only four fish exhibited the surfacing response in cold water, all under the 15/30 

waveform. Therefore, no further analysis was conducted with these responses in cold water (Appendix 

27; Appendix 29). The predicted log immobilization response thresholds were -0.494 V/cm (0.32 V/cm) 

for 25 cm fish and -0.994 V/cm (0.10 V/cm) for 100 cm fish (Figure 5; Appendix 27; Appendix 28). 

Cool water (18-22°C) 
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In cool water, we eliminated the 80Hz waveforms because our observations were limited to fish 

between 60 and 75 cm.  

All waveforms produced similar twitch thresholds in cool water and there was no effect of 

length. 8Hz waveforms produced higher aggressive twitch thresholds, but there was no length effect for 

any waveforms (Table 6; Table 8). For the twitch response, the average predicted log twitch response 

was -1.18 V/cm (0.066 V/cm), and the predicted response for aggressive twitch was -0.817 V/cm (0.152 

V/cm) for the 8Hz waveforms and -0.886 V/cm (0.130 V/cm) for the remaining waveforms (Figure 5; 

Appendix 28; Appendix 30). 

We observed surfacing in 13 out of 258 fish tested in cool water. The fish that surfaced ranged 

from 30 to 90cm (Appendix 4, Appendix 31). Eight of ten waveforms tested produced at least one 

surfacing response. Only the 9/30 and 12/10 waveforms did not produce a surfacing response (Appendix 

31). All waveforms produced similar immobilization thresholds and there was a significant effect of 

length (Table 6; Table 8). The predicted log immobilization thresholds of -0.375 V/cm (0.42 V/cm) for 25 

cm fish and -0.912 V/cm (0.12 V/cm) for 100 cm fish (Figure 5; Appendix 28; Appendix 30).   

Warm water (24-28°C) 

For the twitch response, all waveforms were similar, and there was a significant effect of length 

(P=0.030; Table 6; Table 8). The predicted log twitch responses were -0.960 V/cm (0.11 V/cm) for 25 cm 

fish and -1.239 V/cm (0.06 V/cm) for 100 cm fish (Figure 5; Appendix 28: Appendix 32). The 80Hz 

waveforms did not produce the aggressive twitch response and thus were removed from further 

analysis. The remaining waveforms produced similar aggressive twitch thresholds, and aggressive twitch 

threshold decreased with length (P=0.0042; Table 6; Table 8). The predicted log response threshold was 

-0.629 V/cm (0.235 V/cm) for 25 cm fish and -0.987 V/cm (0.103 V/cm) for 100 cm fish (Figure 5; 

Appendix 28; Appendix 32). 
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We observed surfacing in only 12 out of 299 fish tested in warm water (Appendix 4). All fish that 

surfaced in these conditions were less than 60 cm. Six waveforms produced at least one surfacing 

response: 10/10, 12/10, 12/30, 15/30, 8/30, and 80/30 (Appendix 33). For the immobilization response, 

all waveforms had a negative relationship with length. The 9Hz waveforms had a more severe length 

effect than the others, and the 80/30 waveform produced lower average thresholds. There was a 

significant interaction between length and waveform on the log of immobilization threshold (P=0.043; 

Table 6; Table 8), with the 9Hz waveforms having significantly different slope than the others. The 10 

had a significant effect of waveform (P=0.036) and a significant effect of length (P<0.0001). The 80/30 

waveform produced lower thresholds than the other waveforms. The two 9Hz waveforms were similar 

and did decrease with fish length (P<0.0001). For the core group of nine waveforms, the model 

predicted an average log immobilization threshold of -0.358V/cm (0.439 V/cm) for 25 cm fish and -0.697 

V/cm (0.201 V/cm) for 100 cm fish. The 9Hz waveforms showed a steeper negative relationship with 

length and had a predicted log immobilization threshold of -0.343 V/cm (0.454 V/cm) for 25 cm fish and 

-0.853 V/cm (0.140 V/cm) for 100 cm fish. The 80/30 waveform had the same slope as the core group, 

but had a lower intercept (-0.388 vs. -0.245). The model predicts an average log immobilization 

threshold of -0.455 V/cm (0.351 V/cm) for 25 cm fish and -0.656 V/cm (0.221 V/cm) for 100 cm fish 

(Figure 5; Appendix 28; Appendix 32). 

Pulse Frequency  

We did not test the effect of frequency in cold water because we only tested fish under one 

frequency in that temperature range. 

In cool water, we found no interaction between frequency and Flathead Catfish length for any 

response (Ps>0.70), and no effect of frequency (Ps>0.31). All three responses showed that as fish length 

increased the voltage needed to illicit a response decreased (Ps<0.0097).  
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In warm water, there was an interaction between fish length and frequency for the 

immobilization response (P=0.022). Immobilization threshold decreased with fish length for all 

frequencies, but the slope observed with the 80Hz frequency was less steep than the remaining 

frequencies (P<0.0001). We repeated the ANCOVA for the log of twitch and aggressive twitch threshold, 

and revealed no interaction for either response (Ps>0.66). There was no effect of frequency (Ps>0.68), 

but the voltage needed to illicit both responses decreased with length and both responses (Ps<0.0011). 

In summary, frequency had little effect on the response thresholds of Flathead Catfish. However, all 

response thresholds decreased with length, and the 80Hz waveforms had a more pronounced effect of 

length.  

Useful field 

There was no interaction between Flathead Catfish length and waveform for the useful field 

between twitch and immobilization in cold (P=0.87) or cool (P=0.96) water, and no effect of waveform 

for cold (P=0.72) or cool (P=0.97) water. However, useful field decreased with length for cold water 

(P=0.033; Appendix 34) and cool water (P <0.0001; Appendix 35). In warm water, there was interaction 

between length and waveform (P=0.050). The 9/30 and 12/30 waveforms produced different slopes 

than the other waveforms (Appendix 36). All waveforms produced a negative relationship between 

length and useful field (P<0.001 for the 12/30 and 9/30 waveforms; P=0.012 for remaining waveforms), 

but the 12/30 and 9/30 waveforms had a steeper slope. For the remaining waveforms, the model 

reported a significant waveform term (P=0.037). The 10/10 waveform had a lower intercept than the 

other waveforms. In summary, there was no waveform effect in cold or cool water, but larger fish had 

less voltage difference between the twitch and immobilization response. In warm water, there was a 

similar negative relationship with length, but the 12/30 and 9/30 waveforms had a more pronounced 

slope, and the 10/10 waveform had a lower intercept. This means that waveforms should generally have 
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the same difference between twitch and immobilization, but the 12/30 and 9/30 waveforms may 

immobilize larger fish sooner than other waveforms.  

Power goals (objective 3) 

For Smallmouth Bass, our revised power goals were within 22% of the original goals developed 

by the MDC at an assumed effective fish conductivity of 150µS/cm (Girondo et. al., 2012), and at 

ambient water conductivities >100µS/cm, the difference was 12% or less. For volt and current goals, the 

maximum difference was 12%, and at ambient water conductivities >100µS/cm, this variation was 

reduced to 6% or less (Table 9).  

For catfish, we constructed a power goal for sampling in reservoirs and another for sampling in 

rivers because the ambient water conductivities observed in the waters sampled for this project differed 

between reservoirs (150-300µS/cm) and rivers (600-800µS/cm).  This wide range in water conductivities 

also requires adjustments in anode configurations (e.g., removing droppers from the water) to achieve 

the target goals for sampling in high conductivity waters. For Blue Catfish in rivers and reservoirs, our 

revised power goals were within 24% of goals generated from the 115µS/cm conductivity value (24% for 

rivers, 20% for reservoirs), and at conductivities >100µS/cm (Tables 10 and 11), the variation was 

reduced to a maximum of 13% for rivers and 9% for reservoirs. For volt and current goals, the maximum 

variation was 13% for rivers and 11% for reservoirs, and this was reduced to 7% (rivers) and 5% 

(reservoirs) at ambient water conductivities >100µS/cm.   

However, our power goals for Flathead Catfish produced differences greater than 30% at 

conductivities less than 90 µS/cm. In rivers, the maximum variation was 50% (Table 10) and in reservoirs 

it was 44% (Table 11). At ambient conductivities >100µS/cm, the variation was reduced to a maximum 

of 29% for rivers and 20% for reservoirs. For volt and current goals, the maximum variation was 29% for 
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rivers and 25% for reservoirs, and this was reduced to 16% (rivers) and 11% (reservoirs) at ambient 

water conductivities >100µS/cm (Tables 10-16; Appendix 38; Appendix 39).   

Using a catfish effective conductivity value of 81 µS/cm (which was the average of the Flathead 

and Blue Catfish conductivities) to generate power goals for both species reduced variation between the 

goals we developed and the previously developed goals to less than 20% across the range of 

conductivities tested in both rivers and reservoirs and effectively minimizes variation while sampling 

both species together.  

Discussion: 

Our estimate of effective conductivity for Smallmouth Bass was 123 µS/cm very near the 

previously used estimate of 115 µS/cm, which is recommended for all species when the effective 

conductivity is unknown (Miranda & Dolan, 2003). The MDC assumed a Smallmouth Bass effective 

conductivity near 150 µS/cm (Girondo et al, 2012), whereas Miranda and Dolan (2003) estimated that 

the range of effective conductivities occurring in nature was likely near 75 to 150 µS/cm, and that using 

a value of 115 µS/cm would minimize variation in fish response for species that have an effective 

conductivity in this range. Miranda and Dolan (2003) calculated that at ambient water conductivities 

from 25 to 750 µS/cm, using an effective conductivity value of 115 µS/cm to generate a power goal will 

lead to a goal that is less than 30% different than a goal generated from any conductivity value that falls 

between 75 and 150 µS/cm (Miranda & Dolan, 2003). When we compared power goals using our 

Smallmouth Bass estimate of effective conductivity to the power goals calculated using the MDC 

recommended 150 µS/cm, the differences were as high as 22% between 10 and 800 µS/cm in ambient 

conductivity, but were a maximum of 9% in ambient conductivities between 150 µS/cm and 600 µS/cm, 

which would typically be encountered in Ozark streams. 
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Our estimates of effective conductivity for Flathead Catfish (69 µS/cm) and Blue Catfish (94 

µS/cm) were substantially different from the previously used estimate. Our estimate for the effective 

conductivity of Flathead Catfish may be low in part because of the small body size (20.4-41.4cm) of the 

fish we used for our experiments but could also be the result of other unknown factors (Kolz, 2006; Jan 

Dean, Dean Electrofishing, LLC, personal communication). However, if we assume that the actual 

conductivity of Flathead Catfish is near 69 µS/cm, standardizing with a value of 115 µS/cm may lead to 

greater than 30% error in target power outputs for fish collections at ambient water conductivity below 

60 µS/cm. However, the power goals are more similar (within 15%) in conductivities between 120 µS/cm 

and 600 µS/cm. In Missouri, many of the ongoing catfish monitoring programs collect fish from the 

Missouri River (700µS/cm) or small impoundments (150µS/cm), which suggests that the error 

introduced by standardizing to inaccurate estimates of fish conductivity could be magnified, especially in 

comparisons made between these sites. For Blue Catfish, we used our estimate of 94 µS/cm, within the 

range for which the 115 µS/cm value is deemed appropriate (Miranda & Dolan, 2003), to generate a 

power goal and found that the difference between our power goal and one generated with the 

previously used value 115 µS/cm was less than 30% from 10 to 800 µS/cm in ambient conductivity. 

However, due to the differences between ambient water conductivities at catfish sampling sites in 

Missouri, reliable standards generated from accurate fish conductivity estimates are essential in order to 

make comparisons between Blue Catfish populations (for our regressions of effective fish conductivity, 

see appendices 40 – 42). 

Because Blue Catfish and Flathead Catfish are often sampled together, we sought to find an 

effective conductivity value that would be appropriate for the collection of both species. Following the 

methods of Miranda and Dolan (2003), we plotted the multiplier of constant power (Mcp; Kolz & 

Reynolds, 1989) for each species. Mcp is derived from the power transfer equation: 

Mcp = [1+(Cf/Cw)]2/[4(Cf/Cw)] ____________________________________________________equation 3  
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Where Cf is the effective fish conductivity and Cw is the ambient water conductivity. The Mcp curves for 

each model intersect at 81 µS/cm, the average of the two conductivity estimates. We determined that 

using an effective conductivity value of 81 µS/cm to generate a power goal may be more appropriate for 

sampling the two species together. Assuming our estimates are correct, using the value of 81 µS/cm 

would lead to variation below 20% for water conductivities between 20 and 800 µS/cm in both rivers 

and reservoirs.  

Our resting time experiments showed that fish are able to recover from electrofishing within 

one to two hours. For all species, we generally found no difference in the immobilization thresholds of 

fish collected with or without electrofishing after a two hour resting period for catfish and one hour for 

Smallmouth Bass. Other behavioral studies have shown that Largemouth Bass resumed feeding behavior 

after an average of 2.5 hours post electrofishing (Siepker et. al., 2010), whereas Bluegill and other 

sunfishes resumed feeding after 5-10 minutes (Gatz & Adams, 1987) or up to 12 hours (Wahl et al. 

2007). These relatively short recovery periods are generally consistent with our findings, and suggest 

that some behavioral effects of electrofishing may be reduced after two hours, although we did not test 

any long term effects or evaluate any injuries due to electrofishing. 

In our resting time and immobilization trial experiments, the effects of waveform and length 

were not different in cold water than in other temperature ranges for both Blue Catfish and Smallmouth 

Bass, but we were unable to test enough Flathead Catfish to reveal any similar patterns. We observed 

voltage gradients to immobilize across waveforms in cold water that were inconsistent with those 

observed in other temperature ranges, and for Smallmouth Bass we did not observe the same length 

effect in cold water that was observed in most waveforms in our warmer temperature ranges. Because 

of these inconsistencies and based on anecdotal evidence from catfish collections for this project that 

catch declined in our lowest temperature range, we recommend further research into the catchability of 

each species above and below 18° C.  
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Historical Smallmouth Bass samples conducted by the Missouri Department of Conservation 

occurred in water 18°C to 22°C in approximately 80% of the samples (MDC, unpublished data). Many 

studies on large-bodied fishes such as trout, Common Carp (Cyprinus carpio), and Smallmouth Bass also 

report increased catch rates at higher temperatures than our lowest temperature ranges (> 14°C; 

Eggleton et. al., 2010; Meyer & High, 2011; Bajer & Sorenson, 2012; Mollenhauer & Brewer, 2017). 

Bodine and Shoup (2010) reported higher catch per unit effort (CPUE) for Blue Catfish at water 

temperatures above 18°C, and variability in catch rates above 28°C, which was the highest temperature 

in our sampling window for this project and Quinn (1986) found reduced catch rates of Flathead Catfish 

when temperatures dropped below 20°C in the late fall. Therefore, existing research and monitoring is 

typically conducted in the water temperatures we found to have electrofishing responses that are 

comparable across temperatures.  

We believe that further research into the relationship between the response thresholds tested 

in this study, catchability, and water temperature could add to our findings. Warmer water 

temperatures have been correlated with increased catch rates of Largemouth Bass in spring and fall 

(Mclnerny & Cross, 2000). Meyer and High (2011) theorized that lethargy and lowered metabolism 

caused by cold water in trout may cause the fish to respond more slowly to electrofishing, which could 

partially explain why we observed different trends for in all species in cold water than in other 

temperature ranges, and slightly higher thresholds for Smallmouth Bass in cold water. Gibson-Reinemer 

et. al. (2016) found that temperature changes can create moderate changes in catch rates and 

occupancy of some riverine fishes, particularly when abundance is low. Because of these potential 

changes in occupancy and inconsistent response to electricity, we theorize that capture efficiency of 

Catfish may be higher and more consistent above 18°C.  

Immobilization threshold decreased with length for both Catfish species in all temperature 

ranges and for Smallmouth Bass in cool and warm water. Our study was one of the first to test a wide 
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length range of adult size fish (all of the fish we tested were at least 18 cm in length), and expands on 

other work using smaller fish. For example, Kolz and Reynolds (1989) tested a small-bodied fish 

(Goldfish) and the largest size group for any species in Dolan and Miranda (2003) was adult Channel 

Catfish, with a mean total length of 31.9 cm. The voltage needed for immobilization decreased with 

length for warm-water fish less than 18 cm TL (Dolan & Miranda, 2003) and for salmonids less than 25 

cm TL (Taylor et al, 1957; Anderson, 1995), and our work suggests that immobilization thresholds 

continue to decrease with length for fish greater than 18 cm in length, although this decline is not as 

severe as has been reported for fish less than 18 cm in length (Dolan & Miranda, 2003). Using the same 

waveform, Dauwalter & Fisher (2007) reported higher catch rates for Smallmouth Bass above 20 cm in 

length, which suggests (if voltage gradient is linked to catchability) that lower immobilization thresholds 

would lead to higher catchability.  For Blue Catfish, capture probability is reported to be similar for fish 

between 20 and 100 cm under the same electrofishing waveform and power output (Bodine & Shoup, 

2010) which is similar to Buckmeier & Schlechte (2009), who found that catch rates of Blue Catfish 

between 25 and 85.5 cm were similar.  

Biologists may want to consider the effects of length on immobilization threshold when 

developing sampling protocols. Some waveforms may not immobilize fish consistently across all sizes 

and life stages. A blog post on electrofishing.net estimates that the effective field for large game fish 

may be as much as 60% larger than for small game fish (http://electrofishing.net/2018/01/06/final-

electrofishing-field-blog-in-the-series/). We theorize that lower immobilization thresholds may be 

associated with higher catch rates, because the effective field is wider for fish with lower thresholds. If 

this is true, a relationship between length and immobilization threshold (which occurred in cool and 

warm water for all species tested) would indicate that a waveform may not be suited for population 

level samples as it could produce inconsistent capture rates in fish of varying sizes, assuming 

immobilization threshold is related to catchability. However, a waveform that produces lower 

http://electrofishing.net/2018/01/06/final-electrofishing-field-blog-in-the-series/
http://electrofishing.net/2018/01/06/final-electrofishing-field-blog-in-the-series/
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immobilization thresholds in larger fish may be appropriate for broodstock collection, as it could be 

more efficient at immobilizing larger fish. For both catfish species, our waveform test revealed a few 

significant effects of waveforms and showed that in some cases, waveforms had a length effect while in 

other cases they did not. We theorize that a waveform with no effect of length would provide more 

consistent immobilization responses across length and thus may be more applicable to population level 

sampling where managers may want to collect representative samples of all fish sizes. For all 

temperature ranges, the voltage needed to immobilize Blue Catfish did not differ with length for the 

combined 15Hz waveforms, which are commonly used by other catfish researchers (e.g. Cailteux & 

Strickland, 2009; Bodine & Shoup, 2010) and are recommended for sampling Catfish in rivers (Bonar et. 

al., 2009). Catch rates with the 15 Hz waveforms are reported to be consistent for fish ranging from 20 

to 100 cm in length (Buckmeier & Schlechte; Boding & Shoup, 2010) which also suggests that there is 

not a length bias. However, we did observe a decrease in immobilization threshold with length for 

Flathead Catfish with 15Hz waveforms in all water temperatures, so if these waveforms are used to 

sample the two species together, biologists may consider that the ability to immobilize larger fish may 

vary between species. 

For catfish, the voltage gradients needed to produce each response were generally similar 

among waveforms but were highly variable. No waveform that appeared to be the most effective at 

producing a certain response based on threshold trials. However, 80Hz and 9Hz waveforms tended to 

produce lower useful fields (i.e., difference in voltage between twitch and immobilization) for Blue 

Catfish, as did the 10/10 waveform for Flathead Catfish in warm water. We theorized that a shorter 

useful field may be associated with a lower rate of surfacing, so we recommend these waveforms not be 

used for sampling. Because each waveform had a unique pulse width, we did not conduct further 

analysis of the effect of pulse width for catfish. For the distribution of catfish response thresholds by 

pulse width, refer to appendices 43 – 45. 
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For Smallmouth Bass, all waveforms produced similar immobilization thresholds in cool and 

warm water, and 10 of 12 waveforms were similar in cold water. Our results suggest that waveform had 

little effect on the voltage gradient needed to produce a twitch, forced swimming or immobilization 

response in Smallmouth Bass. However, lower voltage gradients were needed for larger fish under all 

responses in cool water and for immobilization in warm water. Sampling protocols for Smallmouth Bass 

often use the 60/25 waveform (Girondo et al., 2012; Mollenhauer & Brewer, 2007) or similar (Dodd et 

al., 2008; Breton et al., 2013), and 60 Hz waveforms are generally recommended for sampling fish 

communities in streams and impounded waters (Bonar et al., 2009). Because the voltage gradient 

needed to illicit capture-prone responses did not differ by waveforms, our results may suggest that 

comparing Smallmouth Bass data collected using any of the 11 other waveforms tested may not 

introduce bias (based on capture prone response thresholds).  

We recorded capture-prone (immobilization, surfacing, forced swimming) and non-capture-

prone (twitch, aggressive twitch) responses to electrofishing. Responses like twitch can indicate a fish’s 

ability to detect and potentially escape an electric field, and these response may need to be considered 

as well. The responses we recorded have been used by other studies to define responses to 

elecrofishing. The most commonly recorded thresholds were forced swimming and immobilization, as 

twitch is hard to identify in a field setting (Kolz & Reynolds, 1989; Dolan & Miranda, 2003; Miranda & 

Dolan 2003; Reynolds, 2012). Because twitch is not a capture-prone response, it is not as studied as 

immobilization, but historic literature (e.g. Lamarque, 1967) reports two different responses that could 

be defined as twitch. Our definition is similar to both, classifying twitch as the first reaction to the 

electricity. There are as many four different responses that could be defined as forced swimming 

(Lamarque, 1967), but these are typically separated into forced or inhibited swimming, which do not 

occur in a particular direction, and taxis, which is forced attraction to one electrode in the electrofishing 

setup (Kolz & Reynolds, 1989; Reynolds, 2012). We were unable to differentiate between taxis and 
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forced swimming in Smallmouth Bass due to the limited size of our test chamber. However, we still 

consider the response we observed to be a capture-prone response for Smallmouth Bass, as it should 

cause fish to enter a stronger part of the electric field and become immobilized. The aggressive twitch 

response we observed in catfish is not reported in other studies and is not considered capture prone, 

but Lamarque (1967) recorded a “quivering of the tail” in four species that could be similar to the 

aggressive twitch response we observed. Immobilization is typically defined as tetany with rigid muscles 

(Reynolds, 2012) but can occur as narcosis with relaxed muscles (Lamarque, 1967; Reynolds, 2012). 

Because we increased the power incrementally (one volt per second) during our trials, most of our trials 

stopped before the fish reached tetany.  

We also theorize that the aggressive twitch response we observed in catfish may be associated 

with surfacing and thus possibly linked to increased catchability. However, waveforms with frequencies 

of 12Hz and higher only produced the response in less than 50% of fish. Biologists that may prefer an 

aggressive twitch response may want to consider using waveforms with frequencies lower than 12Hz, 

which produced more consistent aggressive twitch in Blue Catfish and Flathead Catfish in warm and cool 

water temperatures.  

We did not test if any waveforms affect injury of our study species. However, injury from 

electrofishing has been a concern with other species. We initially tested some 120Hz waveforms for 

catfish, but eliminated these from further testing because multiple Blue Catfish expelled blood from the 

gills under these waveforms (unpublished data). Of the waveforms we tested, 30Hz waveforms are 

recommended for backpack electrofishing in streams with endangered salmonids to minimize the risk of 

injury (Schaeffer & Logan, 2000). However, straight DC is recommended for boat electrofishing in these 

waters (Schaeffer & Logan, 2000). We did not test straight DC, but found that 30Hz waveforms generally 

produced similar thresholds to the 60Hz waveforms we tested for Smallmouth Bass, so we consider that 

these waveforms would still be appropriate for sampling Smallmouth Bass in streams that also had 
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populations of trout or other salmonids if managers were concerned about injury to non-target species. 

However, these waveforms should be further tested in a boat electrofishing setting before managers 

can be sure that they minimize injury. Multiple pass electrofishing may cause increased injury in 

Largemouth Bass using 60 Hz waveforms, but these waveforms caused injury in trout regardless of the 

number of passes (Panek & Densmore, 2013). Additional research suggests that straight DC may be 

more lethal to developing fish embryos than 60 Hz pulsed DC, but this was observed at far higher 

voltage gradients (more than 5 V/cm) than we tested (Bohl et al., 2011). The immobilization thresholds 

that we observed reached a maximum of less than 0.5 V/cm, which may be sufficiently low to minimize 

any electrofishing effects. Red Shiner growth and reproduction is not influenced by a shock at a voltage 

gradient of 0.82 V/cm, but a shock at a voltage gradient of 3.3 V/cm caused a longer period between 

spawning events, lower growth rates in males, and lower fry survival (Stewart & Lutnesky, 2014). 

Because these electric fields are so much more intense than the ones we tested (<0.5 V/cm), we do not 

believe that Smallmouth Bass or catfish samples under our recommended power goals would cause this 

effect. However, fish very near the anode during electrofishing would encounter stronger electric fields 

than we tested, so the effects of intense electric fields on non-target species warrant further study.  

For future studies of electrofishing response thresholds in fish we suggest a few improvements 

to the study design that should be considered. A larger volume and deeper tank may better allow for the 

testing of response thresholds of large catfish, in particular the surfacing response. However, we were 

limited by the need to have a portable setup that could fit inside a boat, so a study using a larger tank 

would need to have a semi-permanent setup. We were also limited by our ability to collect and hold fish 

while minimizing stress, particularly for larger catfish, so this study could be improved by using a 

permanent setup with access to an abundance of similar-sized fish (e.g. a fish hatchery). We also 

recommend the use of more inclusive and wider temperature ranges, as our temperature windows were 

relatively narrow (e.g. 11 to 14°C) and within one day water temperatures could fluctuate outside our 



54 
 

target temperature range. Additional temperatures ranges would also allow for a more meaningful 

interpretation of the effect of temperature on fish response, as we did not test any temperature above 

what is typically reported in the literature.  

We also suggest further testing of effective fish conductivity, especially for Blue Catfish and 

Flathead Catfish. While the equations we listed consider fish conductivity to be a constant, there are 

many factors that can influence this measurement. For example, the catfish that we used for our 

effective conductivity experiments were relatively small and not representative of the range of sizes 

sampled in the rest of the project. If size has an influence on effective fish conductivity, it may be 

appropriate to conduct these experiments with larger fish. 

Based on our study alone, we cannot associate lower immobilization thresholds with higher 

capture rates. However, lower immobilization thresholds for trout above 25 cm TL (Taylor et al, 1957) 

are paralleled by higher capture rates for trout of the same length (Anderson, 1995), and we theorize 

that this trend may be similar for Smallmouth Bass, because we also observed lower immobilization 

thresholds for larger fish. Catfish, however, respond differently to electrofishing than Smallmouth Bass 

and other scaled fish such as trout. We believe that the surfacing response is the most important for the 

capture of catfish, especially in the highly turbid water where most catfish samples occur in Missouri. 

Many sampling protocols for Blue Catfish and Flathead Catfish report the use of chase boats to collect 

fish that surface away from the electrofishing boat, with distances being reported as high as 100 m. 

(Bodine et al, 2013; MDC 2015). However, we were not able to produce the surfacing response 

consistently in our test tank, likely because we could not simulate a realistic pressure gradient in the 

shallow water of our test aquarium. Additionally, during electrofishing, it typically takes 30 to 90 

seconds or more for Blue Catfish to and Flathead Catfish begin surfacing (Bodine et al, 2013), but our 

trials rarely lasted this long. We were unable to relate any of the other fish responses we recorded to 

surfacing, and this unique aspect of catfish sampling should be further researched. 
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We assume that the voltage needed to produce a response (e.g. immobilization, forced 

swimming, twitch, etc.) is linked to capture probability in a field setting. However, catchability is 

influenced by multiple environmental and biological factors (Reynolds, 2012). Our results suggest that 

fish length, water temperature, and, for catfish species, waveform may influence the voltage gradient 

needed to elicit a capture prone response. However, our results would benefit from a field-based 

experiment with known populations where capture probabilities can be estimated based on our 

laboratory results. To properly evaluate our findings and their potential to increase precision in a 

sampling protocol, an additional study examining bias using known populations across a range of habitat 

conditions would be appropriate. 

Management Implications: 

 Electrofishing power goals are typically recommended in standard sampling programs (Miranda, 

2009) and our recommended power goals for sampling each species can be found in tables nine through 

16. Assuming the fish responses tested in this study are directly related to catchability in the field, we 

provide preliminary recommendations for waveforms and water temperatures based on our results and 

in the context of questions managers may ask. These recommendations have been used to inform the 

second phase of this study (testing catchability in a field setting) that will collectively inform sampling for 

catfish and Smallmouth Bass. 

Sampling entire population of Smallmouth Bass: 

 Recommendation: Use the 60Hz/25% waveform in water temperatures between 18°C and 26°C 

Justification: 60Hz/25% is a common waveform; waveform had no effect on immobilization 

thresholds so all waveforms are considered similar; Results in cool and warm water were similar, 

but we observed different trends with length and immobilization threshold in water 

temperatures less than 18°C. All waveforms had length effect for Smallmouth Bass 

immobilization, so managers may need to consider this effect on catchability. 
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Sampling entire population of Flathead Catfish 

Recommendation 1: Use the 15Hz/30% waveform in water temperatures between 18°C and 

27°C 

Justification: 15Hz/30% is a commonly used waveform to sample Flathead Catfish. Results in cool 

and warm water were similar, but we observed different trends below 18°C. All waveforms had a 

length effect for immobilization of Flathead Catfish, so managers may need to consider this 

effect on catchability. 

Recommendation 2: Use the 8Hz/10% waveform in water temperatures between 18°C and 27°C 

Justification: low frequency waveforms produce aggressive twitch more consistently; 8Hz 

waveforms tended to have longer useful fields; managers report better catch rates with lower 

duty cycles. Results in cool and warm water were similar, but we observed different trends below 

18°C. All waveforms had a length effect for immobilization of Flathead Catfish, so managers may 

need to consider this effect on catchability. 

Sampling entire population of Blue Catfish 

Recommendation 1: Use the 15Hz/30% waveform in water temperatures between 18°C and 

27°C 

Justification: No length bias for Blue Catfish under 15Hz waveforms; commonly used waveform 

for sampling Blue Catfish. Results in cool and warm water were similar, but we observed 

different trends below 18°C. 

Recommendation 2: Use the 8Hz/10% waveform in water temperatures between 18°C and 27°C 

Justification: low frequency waveforms produce aggressive twitch more consistently; 8Hz/10% 

and 8Hz/30% waveforms tended to have longer useful fields; managers report better catch rates 

with lower duty cycles. Results in cool and warm water were similar, but we observed different 
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trends below 18°C. All waveforms had a length effect for immobilization of Blue Catfish, so 

managers may need to consider this effect on catchability. 
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Table 1: Electrofishing waveforms reported in selected recent papers in the Transactions of the American 
Fisheries Society and the North American Journal of Fisheries Management, and waveforms used to 
sample our study species by selected state and federal agencies.  

Location Current Type Frequency Duty Cycle Citation 

-Smallmouth Bass- 

Missouri Pulsed DC 60Hz 30% Dodd et al., 2008 

Missouri Pulsed DC 60Hz 25% Girondo et al., 2012 

Oklahoma Pulsed DC 60Hz 25% Mollenhauer & Brewer, 2017 

Colorado Pulsed DC 60Hz 20-50% Breton et al., 2013 

-Other Centrarchids- 

Mississippi Pulsed DC 60Hz Unspecified Alfermann & Miranda, 2013 

-Bluegill- 

Kansas Pulsed DC 220V Unspecified Unspecified Schultz & Haines, 2005 

Illinois Continuous AC N/A N/A Oplinger et al., 2011 

-Largemouth Bass- 

Maryland Pulsed DC 60Hz Unspecified Love, 2011 

Illinois Pulsed DC 40Hz 16% Siepker et al., 2010 

-Blue and Flathead Catfish- 

Missouri Pulsed DC 15Hz 30% MDC, 2015 

Mississippi Pulsed DC 15Hz 20% Justus, 1994 

-Blue Catfish- 

Virginia Pulsed DC 15Hz Unspecified Schmitt & Orth, 2015 

Oklahoma Pulsed DC 15Hz Unspecified Bodine & Shoup, 2010 

-Channel Catfish- 

Mississippi Pulsed DC 60Hz 45% Justus, 1994 

-Salmonids- 

U.S.  Pulsed DC <40Hz <30% Schaeffer & Logan, 2000 

-Endangered- 

U.S.  Continuous DC 
100-400V 

N/A N/A Schaeffer & Logan, 2000 

-Coastal Brook Trout- 

Massachusetts Pulsed DC 60Hz Unspecified Annett et al., 2012 

-Brook Trout- 

Montana Pulsed DC 30-50Hz 3-10% Shepard et al., 2014 

Oregon Pulsed DC 30-60Hz 3-12% Buktenica et al., 2013 

-Steelhead- 

California Pulsed DC  60Hz 36% McCarthy et al., 2009 

Washington Pulsed DC 80Hz 4% Thompson & Beauchamp, 2014 

-Juvenile Steelhead- 

California Pulsed DC 30Hz Unspecified Sloat et al., 2011 

-Trout- 

Idaho Pulsed DC 40-50Hz 4-10% Meyer & High, 2011 

Colorado/ 
Wyoming 

Pulsed DC 30-45Hz Unspecified Saunders et al., 2011 

-Rainbow Trout- 

Tennessee Continuous AC N/A N/A Habera et al., 2010 
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Tennessee Pulsed DC 30Hz 12% Habera et al., 2010 

-Age 0 Whitefish- 

Montana Pulsed DC 60/80Hz Unspecified Boyer et al., 2017 

-Age 0 Lake Trout- 

Vermont/ 
Wisconsin 

Pulsed DC 30Hz 45% Riley et al., 2010 

-Robust Redhorse- 

Georgia Pulsed DC 60Hz 36-42% Grabowski et al., 2009 

Georgia Pulsed DC 60Hz 40% Grabowski et al., 2011 

North/South 
Carolina 

Pulsed DC 120Hz Unspecified Fisk et. al., 2015 

-Large-Bodied Fish (General)- 

New Zealand Pulsed DC 30Hz 6% Joy et al., 2013 

-Small-Bodied Fish (General)- 

New Zealand Pulsed DC 60-70Hz 12-14% Joy et al., 2013 

-White Perch- 

New York 
(Freshwater) 

Pulsed DC 354V 60Hz Unspecified McCauley et al., 2014 

New York 
(Estuary) 

Pulsed DC 170V 60Hz Unspecified McCauley et al., 2014 

-Gizzard Shad- 

New York Pulsed DC 60Hz Unspecified Fetzer et al., 2011 

-Pacific Lamprey Ammocoetes- 

California DC Burst 3Hz 25% Reid & Goodman, 2016 

-Stonecat- 

Vermont Pulsed DC 25-30Hz 20-40% Puchala et al., 2016 

-Age 0 Fish- 

Czech Republic Pulsed DC 75% Unspecified Janáč & Jurajda, 2010 

-Common Carp- 

Minnesota Pulsed DC 120Hz 20% Bajer & Sorensen, 2012 

-Silver Carp- 

Illinois Pulsed DC 60Hz Unspecified Bouska et al., 2017 

-Shovelnose Sturgeon- 

Illinois Continuous AC N/A N/A Nepal KC et al., 2015 

Illinois Pulsed DC 60Hz 20-50% Nepal KC et al., 2015 

-Community Level Sampling- 

Missouri Pulsed DC 60Hz 25%  

Missouri Pulsed DC 60Hz 30-40% Corey Dunn- MU, Personal 
Communication 

Kansas Pulsed DC Unspecified Unspecified  

Illinois 
(Historical) 

Continuous AC N/A N/A McClelland et al., 2011 

Illinois Continuous AC N/A N/A Shoup & Wahl, 2009 

Illinois Pulsed DC 60Hz 25% McClelland et al., 2011 

Ontario Pulsed DC 60Hz 24% Poesch, 2014 

Tennessee Pulsed DC 60Hz Unspecified Ivasauskas & Bettoli, 2014 
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Maine Pulsed DC 60Hz Unspecified Kiraly et al., 2014 

Arkansas/ 
Mississippi 

Pulsed DC 60Hz Unspecified Miranda et al., 2012 

Mississippi Pulsed DC 60Hz Unspecified Dembkowski & Miranda, 2011 

Arkansas Pulsed DC 15/60Hz Unspecified Eggleton et al., 2010 

Chile Pulsed DC 20-70Hz Unspecified Moorman et al., 2009 

Idaho/Utah/ 
Nevada 

Pulsed DC 40% Unspecified Walrath et al., 2016 

Pennsylvania/ 
New York 

Pulsed DC 120/60Hz Unspecified Shank et al., 2016 

Ohio/ 
Kentucky/ 
Indiana/ 
Illinois/ 
West Virginia 

Pulsed DC 100Hz 25-40% Seegert et al., 2013 

West Virginia Pulsed DC 60Hz Unspecified Hense et al., 2010 

Ohio Pulsed DC 60Hz Unspecified Ross et al., 2016 

 

Table 2: Results of Levene’s test for equal variances for each species and response. A significant P value 
indicates unequal variances. 

-Smallmouth Bass- 

Response Cold (11-14 C) Cool (17-20 C) Warm (22-25 C) 

Twitch 0.395 0.413 0.300 

Forced Swimming 0.404 0.980 0.308 

Immobilization 0.673 0.866 0.749 

-Blue Catfish- 

Response Cold (13-17 C) Cool (18-22 C) Warm (24-28 C) 

Twitch 0.927 0.761 0.623 

Aggressive Twitch 0.019 0.690 0.695 

Immobilization 0.664 0.555 0.294 

-Flathead Catfish- 

Response Cold (13-17 C) Cool (18-22 C) Warm (24-28 C) 

Twitch 0.952 0.057 0.845 

Aggressive Twitch N/A 0.838 0.477 

Immobilization 0.894 0.618 0.165 
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Table 3: Mean voltage and standard deviation at immobilization for 3 sportfish without acclimation to a 

specific conductivity, and for fish acclimated to low conductivity (120 µS/cm), and high conductivity 

(1,120 µS/cm). Mean total length of fish is also presented. Numbers in parentheses are one standard 

deviation. P values represent the results from ANOVA testing the mean voltage difference between 

acclimation and no acclimation. 

 

    Acclimation No Acclimation   

Flathead Catfish Mean Length (cm) Mean Voltage Mean Length (cm) Mean Voltage P Value 

  High Conductivity 27.9 (5.9) 29.2 (6.3) 31.9 (5.2) 25.6 (7.6) 0.17 

  Low Conductivity 32.1 (8.9) 33.6 (3.9) 24.1 (4.3) 46.4 (12.4) 0.13 

Blue Catfish Mean Length (cm) Mean Voltage Mean Length (cm) Mean Voltage P Value 

  High Conductivity 36.8 (1.4) 21.8 (5.1) 38.0 (3.5) 29.2 (6.3)  0.50 

  Low Conductivity 32.7 (5.0) 32.2 (4.4) 38.5 (3.2) 39.4 (5.9)  0.78 

Smallmouth Bass Mean Length (cm) Mean Voltage Mean Length (cm) Mean Voltage P Value 
 

High Conductivity 10.1 (1.7) 14.0 (1.3) 7.9 (2.6) 13.6 (1.3) 0.86  
Low Conductivity 10.0 (1.3) 23.5 (2.5) 9.0 (1.3) 25.3 (3.8) 0.39 

 

Table 4.  Effective conductivity and coefficient of correlation (R) between observed and predicted data for 
each species. 

Species                             Effective Fish Conductivity (CF) R 

Smallmouth Bass 123 0.92 

Flathead Catfish 69 0.89 

Blue Catfish 94 0.91 
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Table 5.  Analysis of covariance results (with length as the covariate) to determine if the mean voltage 

gradient to illicit twitch, immobilization, and forced swimming of Smallmouth Bass differed by waveform 

for three different water temperatures. 

 Twitch  Forced Swimming  Immobilization 

Temperature and 
factors 

SS DF F P  SS DF F P  SS DF F P 

Cold (11-14 C)                
  Intercept <0.001 1 0.72 0.395  0.005 1 3.75 0.055  0.333 1 5.35 0.022 
  Length <0.001 1 0.09 0.768  <0.001 1 0.04 0.849  0.001 1 0.23 0.632 
  Waveform 0.029 11 3.05 0.002  0.028 11 1.96 0.039  0.139 11 2.04 0.029 
  Length x Waveform 0.026 11 2.72 0.004  0.032 11 2.18 0.020  0.108 11 1.58 0.109 
               
Cool (17-20 C)               
  Intercept 0.13 1 27.66 <0.001  0.054 1 20.86 <0.001  0.187 1 38.43 <0.001 
  Length 0.005 1 10.2 0.002  0.012 1 4.71 0.032  0.021 1 4.38 0.038 
  Waveform 0.009 10 1.89 0.052  0.020 10 0.76 0.670  0.055 10 1.13 0.341 
  Length x Waveform 0.008 10 1.72 0.083  0.019 10 0.75 0.677  0.054 10 1.11 0.357 
               
Warm (22-25 C)               
  Intercept <0.001 1 0.39 0.534  0.019 1 5.11 0.026  0.150 1 28.13 <0.001 
  Length <0.001 1 0.36 0.552  <0.001 1 0.002 0.968  0.024 1 4.46 0.036 
  Waveform 0.015 11 1.64 0.101  0.036 11 0.903 0.540  0.052 11 0.89 0.551 
  Length x Waveform 0.015 11 1.65 0.100  0.020 11 0.503 0.898  0.068 11 1.16 0.320 
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Table 6. Significant effects according to ANCOVA testing for each species and response in each 

temperature range. See Table 5 for specific p-values. Number in parentheses for Smallmouth bass are 

the voltage gradients (V/cm) for stock and preferred length fish, and was for a 25 cm and 100 cm catfish 

(when length was a significant factor), or the overall mean when no factors were significant. 
  

Cold 
 

Cool 
 

Warm 

Smallmouth Bass 

Twitch 
 

Length X Waveform1 
 

Length (0.091-0.076) 
 

None (0.091) 

Forced Swimming 
 

Length X Waveform6 
 

Length (0.21-0.16) 
 

None (0.220) 

Immobilization 
 

Waveform (120/40) 2 
 

Length (0.36-0.28) 
 

Length (0.40-0.31) 

Blue Catfish 

Twitch 
 

None (0.128) 
 

None (0.098) 
 

None (0.123) 

Aggressive Twitch 
 

None (0.205) 
 

None (0.163) 
 

Length X Waveform4 

Immobilization 
 

Length X Waveform7 
 

Length X Waveform3 
 

Length X Waveform7 

Flathead Catfish 

Twitch 
 

None (0.063) 
 

None (0.066) 
 

Length (0.11-0.06) 

Aggressive Twitch 
 

N/A 
 

Waveform (8/10 & 8/30)5 
 

Length (0.24-0.10) 

Immobilization 
 

Length (0.32-0.10) 
 

Length (0.42-0.12) 
 

Length X Waveform8 
1 0.149 V/cm for 30/40; 0.074 V/cm for all other waveforms, regardless of length 

20.41 V/cm for 120/40 and 60/30 waveforms; 0.33 V/cm for all other waveforms, regardless of length 

30.216 V/cm to 0.434 V/cm for 8Hz, 10/10, 12/10, and 80Hz waveforms; 0.288 V/cm for 15Hz, 10/30, 

and 12/30 waveforms, regardless of length 

40.286 V/cm for 9/10 and 12/10 waveforms; 0.185 V/cm for all remaining waveforms (80Hz and 15/30 

removed) 

50.152 for 8Hz waveforms; 0.130 for all remaining waveforms (80Hz removed) 

6See text for further information (pages 29-32) 

7 See text for further information (pages 34-37) 

8 See text for further information (pages 40-42) 
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Table 7. Analysis of covariance results (with length as the covariate) to determine if the mean voltage 

gradient to illicit twitch, aggressive twitch, and immobilization of Blue Catfish differed by waveform for 

three different water temperatures. 

 Twitch  Aggressive Twitch  Immobilization 

Temperature and 
factors 

SS DF F P  SS DF F P  SS DF F P 

Cold (13-17 C)                
  Intercept 1.268 1 2.89 <0.001  0.100 1 15.3 0.001  0.032 1 2.89 0.092 
  Length 0.019 1 0.74 0.392  0.001 1 0.14 0.710  0.106 1 9.56 0.003 
  Waveform 0.251 11 0.90 0.504  0.028 6 0.71 0.644  0.482 11 3.95 <0.001 
  Length x Waveform 0.258 11 0.93 0.517  0.033 6 0.83 0.560  0.375 11 3.07 0.001 
               
Cool (18-22 C)               
  Intercept 1.263 1 63.9 <0.001  0.079 1 16.2 <0.001  0.015 1 2.10 0.149 
  Length <0.001 1 0.01 0.941  0.009 1 1.98 0.174  0.158 1 22.5 <0.001 
  Waveform 0.353 11 1.62 0.095  0.013 6 0.44 0.845  0.308 11 3.99 <0.001 
  Length x Waveform 0.329 11 1.51 0.131  0.017 6 0.58 0.742  0.219 11 2.84 0.002 
               
Warm (24-28 C)               
  Intercept 1.196 1 80.6 <0.001  0.167 1 37.1 <0.001  0.072 1 12.9 <0.001 
  Length 0.053 1 3.54 0.061  0.009 1 2.07 0.160  0.026 1 4.72 0.031 
  Waveform 0.210 11 1.29 0.235  0.090 8 2.49 0.031  0.146 11 2.38 0.009 
  Length x Waveform 0.203 11 1.24 0.262  0.101 8 2.81 0.017  0.120 11 1.96 0.034 

 

Table 8. Analysis of covariance results (with length as the covariate) to determine if the mean voltage 

gradient to illicit twitch, aggressive twitch, and immobilization of Flathead Catfish differed by waveform 

for three different water temperatures. 

 Twitch  Aggressive Twitch  Immobilization 

Temperature and 
factors 

SS DF F P  SS DF F P  SS DF F P 

Cold (11-14 C)                
  Intercept 0.415 1 11.9 0.001  N/A N/A N/A N/A  0.020 1 2.57 0.118 
  Length 0.009 1 0.25 0.619  N/A N/A N/A N/A  0.085 1 10.8 0.002 
  Waveform <0.001 1 0.002 0.968  N/A N/A N/A N/A  0.014 1 1.73 0.196 
  Length x Waveform <0.001 1 0.01 0.924  N/A N/A N/A N/A  0.005 1 0.67 0.419 
               
Cool (17-20 C)               
  Intercept 2.124 1 78.98 <0.001  0.679 1 66.9 <0.001  0.100 1 8.43 0.004 
  Length 0.019 1 0.72 0.398  0.003 1 0.26 0.612  0.402 1 34.0 <0.001 
  Waveform 0.196 9 0.81 0.609  0.180 9 1.98 0.048  0.061 9 0.58 0.816 
  Length x Waveform 0.147 9 0.61 0.792  0.107 9 1.17 0.317  0.062 9 0.59 0.808 
               
Warm (22-25 C)               
  Intercept 2.438 1 76.8 <0.001  0.378 1 54.0 <0.001  0.224 1 30.9 <0.001 
  Length 0.151 1 4.78 0.030  0.060 1 8.589 0.004  0.152 1 20.9 <0.001 
  Waveform 0.394 11 1.13 0.341  0.121 9 1.936 0.055  0.156 11 1.95 0.033 
  Length x Waveform 0.360 11 1.03 0.418  0.122 9 1.942 0.054  0.149 11 1.87 0.043 
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Table 9. Power (Watts), voltage, and current (Amps) goals for the collection of Smallmouth Bass. Existing 
goals are built using an assumed effective fish conductivity of 150 µS/cm, and our experiments estimated 
the effective conductivity of Smallmouth Bass to be 123 µS/cm. These goals are based on the voltage 
employed to successfully capture Smallmouth Bass during five sampling trips on the James River. The 
average ambient conductivity during the five Smallmouth Bass samples was 410 µS/cm, the average 
voltage output was 251 V, the average current output was 15.4 A, and the average power output was 
3866 W. (Dave Woods, MDC, unpublished data). 
 
 
 
 
 
 

 

 

 

 

 

 

 Watts  Volts  Amps 

Ambient Water 
Conductivity (µS/cm)  

Existing 
Goal 

New 
Goal 

% 
Change 

 Existing 
Goal  

New 
Goal 

% 
Change 

 Existing 
Goal 

New 
Goal 

% 
Change 

20 7304 5705 -22  1562 1381 -12  4.7 4.1 -12 

30 5459 4354 -20  1103 985 -11  5.0 4.4 -11 

40 4562 3706 -19  873 787 -10  5.2 4.7 -10 

50 4044 3340 -17  735 668 -9  5.5 5.0 -9 

60 3715 3114 -16  643 589 -8  5.8 5.3 -8 

70 3495 2969 -15  578 532 -8  6.1 5.6 -8 

80 3342 2874 -14  528 490 -7  6.3 5.9 -7 

90 3235 2813 -13  490 457 -7  6.6 6.2 -7 

100 3159 2775 -12  459 431 -6  6.9 6.4 -6 

110 3106 2754 -11  434 409 -6  7.2 6.7 -6 

120 3071 2746 -11  413 391 -5  7.4 7.0 -5 

130 3048 2747 -10  396 376 -5  7.7 7.3 -5 

140 3036 2757 -9  381 363 -5  8.0 7.6 -5 

150 3033 2772 -9  368 351 -4  8.3 7.9 -4 

170 3045 2818 -7  346 333 -4  8.8 8.5 -4 

200 3096 2910 -6  322 312 -3  9.6 9.3 -3 

250 3235 3105 -4  294 288 -2  11.0 10.8 -2 

300 3412 3328 -2  276 272 -1  12.4 12.2 -1 

400 3822 3815 0  253 252 0  15.1 15.1 0 

600 4739 4861 3  230 233 1  20.6 20.9 1 

800 5702 5942 4  218 223 2  26.1 26.7 2 
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Table 10. Two example power goals (W) for the collection of Flathead Catfish and Blue Catfish in rivers. 
Existing goals are built using an assumed effective fish conductivity of 115 µS/cm, and our experiments 
estimated the effective conductivity of Flathead Catfish to be 69 µS/cm and that of Blue Catfish to be 94 
µS/cm. These goals are based on 81 successful sampling trips on the Missouri and Mississippi Rivers. For 
rivers, the average ambient conductivity was 563 µS/cm, the average voltage output was 192 V, the 
average current output was 20.6 A, and the average power output was 3837 W. These outputs were 
achieved with a modified anode array consisting of one dropper of one inch diameter per boom. (Kyle 
Winders, MDC, unpublished data). Red numbers represent values greater than 30% change from existing 
power goals. 

Ambient Water 
Conductivity (µS/cm) 

Existing Power 
Goal (115 µS/cm) 

Flathead Catfish Power 
Goal (69 µS/cm) 

% 
Change 

Blue Catfish Power 
Goal (94 µS/cm) 

% 
Change 

20 4284 2143 -50 3254 -24 

30 3295 1768 -46 2566 -22 

40 2824 1607 -43 2248 -20 

50 2560 1533 -40 2077 -19 

60 2400 1501 -37 1979 -18 

70 2299 1494 -35 1924 -16 

80 2235 1502 -33 1895 -15 

90 2195 1520 -31 1884 -14 

100 2173 1546 -29 1884 -13 

110 2164 1576 -27 1894 -12 

120 2164 1611 -26 1911 -12 

130 2171 1648 -24 1933 -11 

140 2184 1688 -23 1958 -10 

150 2201 1730 -21 1987 -10 

170 2246 1818 -19 2053 -9 

200 2333 1958 -16 2164 -7 

250 2505 2203 -12 2370 -5 

300 2699 2456 -9 2591 -4 

400 3117 2976 -5 3055 -2 

600 4006 4037 1 4019 0 
800 4920 5108 4 5002 2 
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Table 11. Two example power goals (W) for the collection of Flathead Catfish and Blue Catfish in 
reservoirs. Existing goals are built using an assumed effective fish conductivity of 115 µS/cm, and our 
experiments estimated the effective conductivity of Flathead Catfish to be 69 µS/cm and that of Blue 
Catfish to be 94 µS/cm. These goals are based on the power used during eight successful electrofishing 
samples for Blue Catfish and Flathead Catfish on Harry S. Truman Reservoir and Higginsville City Lake. 
For reservoirs, the average ambient conductivity was 273 µS/cm, the average voltage output was 199 V, 
the average current output was 19 A, and the average power output was 3805 W. These outputs were 
achieved using a traditional anode configuration of six droppers one inch in diameter per boom. (Zach 
Ford, MDC, unpublished data). Red numbers represent values greater than 30% change from existing 
power goals. 
 

Ambient Water 
Conductivity (µS/cm) 

Existing Power 
Goal (115 µS/cm) 

Flathead Catfish Power 
Goal (69 µS/cm) 

% 
Change 

Blue Catfish Power 
Goal (94 µS/cm) 

% 
Change 

20 6288 3517 -44 5011 -20 

30 4836 2901 -40 3953 -18 

40 4144 2638 -36 3462 -16 

50 3757 2515 -33 3198 -15 

60 3522 2463 -30 3048 -13 

70 3374 2451 -27 2963 -12 

80 3280 2465 -25 2919 -11 

90 3222 2495 -23 2901 -10 

100 3190 2537 -20 2903 -9 

110 3176 2587 -19 2918 -8 

120 3175 2644 -17 2943 -7 

130 3186 2705 -15 2977 -7 

140 3205 2771 -14 3016 -6 

150 3230 2840 -12 3061 -5 

170 3297 2984 -9 3162 -4 

200 3423 3213 -6 3333 -3 

250 3677 3615 -2 3651 -1 

300 3961 4031 2 3991 1 

400 4575 4884 7 4705 3 

600 5879 6625 13 6191 5 

800 7221 8383 16 7705   7 
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Table 12. Two example voltage goals (V) for the collection of Flathead Catfish and Blue Catfish in rivers. 
Existing goals are built using an assumed effective fish conductivity of 115 µS/cm, and our experiments 
estimated the effective conductivity of Flathead Catfish to be 69 µS/cm and that of Blue Catfish to be 94 
µS/cm. These goals are based on 81 successful sampling trips on the Missouri and Mississippi Rivers. For 
rivers, the average ambient conductivity was 563 µS/cm, the average voltage output was 192 V, the 
average current output was 20.6 A, and the average power output was 3837 W. These outputs were 
achieved with a modified anode array consisting of one dropper of one inch diameter per boom. (Kyle 
Winders, MDC, unpublished data). 

Ambient Water 
Conductivity (µS/cm) 

Existing Volt Goal 
(115 µS/cm) 

Flathead Catfish Volt 
Goal (69 µS/cm) 

% 
Change 

Blue Catfish Volt 
Goal (94 µS/cm) 

% 
Change 

20 1074 759 -29 936 -13 

30 769 563 -27 679 -12 

40 616 465 -25 550 -11 

50 525 406 -23 473 -10 

60 464 367 -21 421 -9 

70 420 339 -19 385 -9 

80 388 318 -18 357 -8 

90 362 302 -17 336 -7 

100 342 288 -16 318 -7 

110 325 278 -15 304 -6 

120 312 269 -14 293 -6 

130 300 261 -13 283 -6 

140 290 255 -12 274 -5 

150 281 249 -11 267 -5 

170 267 240 -10 255 -4 

200 251 230 -8 241 -4 

250 232 218 -6 226 -3 

300 220 210 -5 216 -2 

400 205 200 -2 203 -1 

600 190 190 0 190 0 

800 182 185 2 183 1 
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Table 13. Two example voltage goals (V) for the collection of Flathead Catfish and Blue Catfish in 
reservoirs. Existing goals are built using an assumed effective fish conductivity of 115 µS/cm, and our 
experiments estimated the effective conductivity of Flathead Catfish to be 69 µS/cm and that of Blue 
Catfish to be 94 µS/cm. These goals are based on the voltage used during eight successful electrofishing 
samples for Blue Catfish and Flathead Catfish on Harry S. Truman Reservoir and Higginsville City Lake. 
For reservoirs, the average ambient conductivity was 273 µS/cm, the average voltage output was 199 V, 
the average current output was 19 A, and the average power output was 3805 W. These outputs were 
achieved using a traditional anode configuration of six droppers one inch in diameter per boom. (Zach 
Ford, MDC, unpublished data). 

Ambient Water 
Conductivity (µS/cm) 

Existing Volt Goal 
(115 µS/cm) 

Flathead Catfish Volt 
Goal (69 µS/cm) 

% 
Change 

Blue Catfish Volt 
Goal (94 µS/cm) 

% 
Change 

20 944 706 -25 843 -11 

30 676 524 -23 611 -10 

40 542 432 -20 495 -9 

50 462 378 -18 426 -8 

60 408 341 -16 380 -7 

70 370 315 -15 346 -6 

80 341 296 -13 322 -6 

90 319 280 -12 302 -5 

100 301 268 -11 287 -5 

110 286 258 -10 274 -4 

120 274 250 -9 264 -4 

130 264 243 -8 255 -3 

140 255 237 -7 247 -3 

150 247 232 -6 241 -3 

170 235 223 -5 230 -2 

200 220 213 -3 217 -1 

250 204 202 -1 203 0 

300 193 195 1 194 0 

400 180 186 3 183 1 

600 167 177 6 171 3 

800 160 172 8 165 3 
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Table 14. Two example current goals (Amps) for the collection of Flathead Catfish and Blue Catfish in 
rivers. Existing goals are built using an assumed effective fish conductivity of 115 µS/cm, and our 
experiments estimated the effective conductivity of Flathead Catfish to be 69 µS/cm and that of Blue 
Catfish to be 94 µS/cm. These goals are based on 81 successful sampling trips on the Missouri and 
Mississippi Rivers. For rivers, the average ambient conductivity was 563 µS/cm, the average voltage 
output was 192 V, the average current output was 20.6 A, and the average power output was 3837 W. 
These outputs were achieved with a modified anode array consisting of one dropper of one inch diameter 
per boom (Kyle Winders, MDC, unpublished data). 

Ambient Water 
Conductivity (µS/cm) 

Existing Amp Goal 
(115 µS/cm) 

Flathead Catfish Amp 
Goal (69 µS/cm) 

% 
Change 

Blue Catfish Amp 
Goal (94 µS/cm) 

% 
Change 

20 4.1 2.9 -29 3.6 -13 

30 4.4 3.2 -27 3.9 -12 

40 4.7 3.6 -25 4.2 -11 

50 5.0 3.9 -23 4.5 -10 

60 5.3 4.2 -21 4.8 -9 

70 5.6 4.5 -19 5.1 -9 

80 5.9 4.9 -18 5.5 -8 

90 6.2 5.2 -17 5.8 -7 

100 6.5 5.5 -16 6.1 -7 

110 6.8 5.8 -15 6.4 -6 

120 7.1 6.2 -14 6.7 -6 

130 7.4 6.5 -13 7.0 -6 

140 7.8 6.8 -12 7.3 -5 

150 8.1 7.1 -11 7.7 -5 

170 8.7 7.8 -10 8.3 -4 

200 9.6 8.8 -8 9.2 -4 

250 11.1 10.4 -6 10.8 -3 

300 12.6 12.0 -5 12.4 -2 

400 15.7 15.3 -2 15.5 -1 

600 21.7 21.8 0 21.8 0 

800 27.8 28.3 2 28.0 1 
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Table 15. Two example current goals (Amps) for the collection of Flathead Catfish and Blue Catfish in 
reservoirs. Existing goals are built using an assumed effective fish conductivity of 115 µS/cm, and our 
experiments estimated the effective conductivity of Flathead Catfish to be 69 µS/cm and that of Blue 
Catfish to be 94 µS/cm. These goals are based on the current used during eight successful electrofishing 
samples for Blue Catfish and Flathead Catfish on Harry S. Truman Reservoir and Higginsville City Lake. 
For reservoirs, the average ambient conductivity was 273 µS/cm, the average voltage output was 199 V, 
the average current output was 19 A, and the average power output was 3805 W. These outputs were 
achieved using a traditional anode configuration of six droppers one inch in diameter per boom (Zach 
Ford, MDC, unpublished data). 

Ambient Water 
Conductivity (µS/cm) 

Existing Amp Goal 
(115 µS/cm) 

Flathead Catfish Amp 
Goal (69 µS/cm) 

% 
Change 

Blue Catfish Amp 
Goal (94 µS/cm) 

% 
Change 

20 6.6 4.9 -25 5.9 -11 

30 7.1 5.5 -23 6.4 -10 

40 7.6 6.1 -20 6.9 -9 

50 8.1 6.6 -18 7.5 -8 

60 8.6 7.2 -16 8.0 -7 

70 9.1 7.7 -15 8.5 -6 

80 9.5 8.3 -13 9.0 -6 

90 10.0 8.8 -12 9.5 -5 

100 10.5 9.4 -11 10.0 -5 

110 11.0 9.9 -10 10.6 -4 

120 11.5 10.5 -9 11.1 -4 

130 12.0 11.1 -8 11.6 -3 

140 12.5 11.6 -7 12.1 -3 

150 13.0 12.2 -6 12.6 -3 

170 14.0 13.3 -5 13.7 -2 

200 15.4 14.9 -3 15.2 -1 

250 17.9 17.7 -1 17.8 0 

300 20.3 20.5 1 20.4 0 

400 25.2 26.1 3 25.6 1 

600 35.0 37.2 6 35.9 3 

800 44.8 48.3 8 46.3 3 
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Table 16. Adjusted power (W), voltage (V), and current (Amps) goals for sampling Blue and Flathead 
Catfish together in rivers and reservoirs. Our calculations showed that using an effective conductivity 
value of 81 µS/cm would minimize error due to incorrect standardization. These goals are based on 81 
successful sampling trips by MDC on the Missouri and Mississippi Rivers (for rivers; Kyle Winders, MDC, 
unpublished data) and eight successful electrofishing samples for Blue Catfish and Flathead Catfish on 
Harry S. Truman Reservoir and Higginsville City Lake (for reservoirs; Zach Ford, MDC, unpublished data). 
For rivers, the average ambient conductivity was 563 µS/cm, the average voltage output was 192 V, the 
average current output was 20.6 A, and the average power output was 3837 W. These outputs were 
achieved with a modified anode array consisting of one dropper of one inch diameter per boom. For 
reservoirs, the average ambient conductivity was 273 µS/cm, the average voltage output was 199 V, the 
average current output was 19 A, and the average power output was 3805 W. These outputs were 
achieved using a traditional anode configuration of six droppers one inch in diameter per boom.  
 

 

 

 

 

 

 

 

 

 

 

 Rivers  Reservoirs 

Ambient Water 
Conductivity (µS/cm)  

Power 
(Watts) 

Volts Current 
(Amps) 

 Power 
(Watts) 

Volts Current 
(Amps) 

20 2658 846 3.2  4228 774 5.4 

30 2140 620 3.6  3404 567 6.0 

40 1908 507 3.9  3034 464 6.5 

50 1789 439 4.2  2845 402 7.0 

60 1727 394 4.5  2747 360 7.6 

70 1698 361 4.8  2700 331 8.1 

81 1689 337 5.2  2686 309 8.6 

90 1693 318 5.5  2693 291 9.2 

100 1707 303 5.8  2716 277 9.7 

110 1728 291 6.1  2749 266 10.3 

120 1755 281 6.4  2791 257 10.8 

130 1785 272 6.8  2839 249 11.3 

140 1818 264 7.1  2892 242 11.9 

150 1854 258 7.4  2949 236 12.4 

170 1931 247 8.0  3072 226 13.5 

200 2058 235 9.0  3273 215 15.1 

250 2284 222 10.6  3633 203 17.8 

300 2522 213 12.2  4011 195 20.4 

400 3014 201 15.4  4794 184 25.8 

600 4028 190 21.8  6407 174 36.6 

800 5056 184 28.2  8042 169 47.3 
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Figure 1: Basic diagram of a boat electrofishing system. Dashed lines indicate insulated wires connecting 
the power source to the control box and anodes. Solid black lines indicate the bare wires that make up 
the anode. The curved arrows indicate the electric current’s path through the water (or fish) to the boat, 
represented by the shaded box. 

 

 

 

Figure 2: Common electrical waveforms for capturing fish from left to right: alternating current (AC), 
pulsed direct current (PDC), and direct current (DC). 
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Figure 3: Average twitch, forced swimming, and immobilization thresholds for Smallmouth Bass in cold, 
cool, and warm water for two size groups of fish. For information about specific waveform effects, see 
the appendix. 
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Figure 4: Twitch, aggressive twitch, and immobilization thresholds for two size groups of Blue Catfish in 
cold, cool, and warm water. For specific information about waveform effects, see the appendix. 
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Figure 5: Mean and standard deviation for twitch, aggressive twitch, and immobilization thresholds of 
two size groups of Flathead Catfish in cold, cool, and warm water. For information about specific 
waveforms effects, see the Appendix. 
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Appendix 1: Average response thresholds (V/cm) for five groups of Smallmouth Bass collected by angling 
or collected with electrofishing and rested for 5 min to 1 hour. Based on these results from a pilot study, 
we used a one hour resting time in all subsequent trials to eliminate the effect of collection method on 
our results. Error bars represent one standard deviation. 
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Appendix 2.  Number of Smallmouth Bass (percentage in parentheses) that exhibited a twitch, forced 

swimming, and immobilization response for each water temperature and waveform. 

Smallmouth Bass 
 Cold Cool Warm 

Wavef
orm 

N (%) 
Stock V/cm 

(sd) 
Preferred 
V/cm (sd) 

N (%) 
Stock V/cm 

(sd) 
Preferred 
V/cm (sd) 

N (%) 
Stock V/cm 

(sd) 
Preferred 
V/cm (sd) 

Twitch 

30/15 11 (78.6) 0.05 (0.02) 0.10 (0.03) 14 (93.3) 0.07 (0.01) 0.08 (0.03) 11 (61.1) 0.17 (0.01) 0.08 (0.01) 

30/25 8 (57.1) 0.10 (0.06) 0.14 (0) 10 (90.9) 0.09 (0.02) 0.07 (0.01) 14 (73.7) 0.11 (0.02) 0.09 (0.03) 

30/30 11 (73.3) 0.09 (0.04) 0.11 (0.05) 15 (93.8) 0.08 (0.01) 0.07 (0.02) 12 (63.2) 0.09 (0.01) 0.08 (0.04) 

30/40 6 (46.2) 0.24 (0) 0.07 (0.01) 21 (77.8) 0.09 (0.01) 0.10 (0.02) 18 (69.2) 0.10 (0.03) 0.08 (0.03) 

60/15 14 (77.8) 0.08 (0.02) 0.06 (0.01) 13 (72.2) 0.09 (0.03) 0.05 (0.01) 6 (50.0) 0.10 (0.03) 0.12 (0.01) 

60/25 8 (53.3) 0.06 (0) 0.07 (0) 17 (80.9) 0.08 (0.02) 0.06 (0.01) 10 (35.7) 0.08 (0.01) 0.07 (0) 

60/30 10 (90.9) 0.11 (0.03) 0.07 (0.01) 14 (87.5) 0.09 (0.02) 0.08 (0.03) 10 (58.8) 0.13 (0.04) 0.08 (0.02) 

60/40 12 (89.7) 0.07 (0.01) 0.07 (0.02) 12 (75.0) 0.13 (0.05) 0.10 (0.03) 13 (61.9) 0.12 (0.05) 0.11 (0.02) 

120/15 11 (73.3) 0.07 (0.01) 0.06 (0.01) 6 (54.5) 0.10 (0.04) N/A 8 (40.0) 0.04 (0) 0.07 (0.02) 

120/25 11 (73.3) 0.08 (0.03) 0.06 (0.01) 11 (64.7) 0.12 (0.04) 0.06 (0.01) 11 (73.3) 0.09 (0.03) 0.06 (0.01) 

120/30 10 (66.7) 0.07 (0.01) 0.08 (0.01) 17 (89.5) 0.08 (0.02) 0.08 (0.02) 9 (56.3) 0.07 (0.01) 0.11 (0.07) 

120/40 7 (46.7) 0.06 (0.01) 0.08 (0.03) 10 (71.4) 0.09 (0.01) 0.08 (0.02) 8 (50.0) 0.11 (0.03) 0.12 (0.01) 

Total 119 (68.7) 0.09 (0.02) 0.08 (0.02) 160 (79.6) 0.09 (0.02) 0.08 (0.02) 130 (57.2) 0.10 (0.02) 0.09 (0.02) 

Forced Swimming 

30/15 8 (57.1) 0.20 (0.09) 0.14 (0.02) 5 (33.3)  0.21 (0.08) 0.13 (0) 12 (66.7) 0.25 (0.06) 0.18 (0.03) 

30/25 9 (64.2) 0.25 (0.05) 0.13 (0.04)  4 (36.4)  0.21 (0.06) 0.15 (0.04) 9 (47.3) 0.30 (0) 0.16 (0) 

30/30 11 (73.3) 0.21 (0.04) 0.15 (0.02) 10 (62.5)  0.17 (0.06) 0.17 (0.05) 15 (78.9) 0.28 (0.12) 0.18 (0.03) 

30/40 10 (76.9) 0.21 (0.07) 0.14 (0.03) 16 (59.3)  0.23 (0.06) 0.19 (0.05) 13 (50.0) 0.32 (0.11) 0.19 (0.04) 

60/15 17 (94.4) 0.18 (0.08) 0.12 (0.02) 11 (61.1)  0.19 (0.03) 0.17 (0.02) 8 (66.7) 0.23 (0.07) 0.22 (0.08) 

60/25 12 (80.0) 0.18 (0.08) 0.14 (0.03) 15 (71.4) 0.24 (0.04) 0.16 (0.04) 15 (53.6) 0.26 (0.10) 0.26 (0.05) 

60/30 8 (72.7) 0.17 (0.04) 0.12 (0.01) 13 (81.3) 0.20 (0.04) 0.16 (0.04) 15 (88.2) 0.25 (0.06) 0.24 (0.09) 

60/40 11 (78.6) 0.17 (0.04) 0.13 (0.01) 11 (68.8) 0.24 (0.05) 0.19 (0.07) 12 (57.1) 0.25 (0.06) 0.21 (0.06) 

120/15 12 (80.0) 0.16 (0.06) 0.19 (0.03) 10 (90.9) 0.18 (0.03) N/A 14 (70.0) 0.18 (0.03) 0.21 (0.03) 

120/25 13 (86.7) 0.18 (0.03) 0.17 (0.02) 15 (88.2) 0.23 (0.08) 0.15 (0.05) 13 (86.6) 0.21 (0.06) 0.27 (0.02) 

120/30 13 (86.7) 0.14 (0.03) 0.20 (0.04) 15 (78.9) 0.21 (0.05) 0.14 (0.04) 14 (87.5) 0.20 (0.05) 0.21 (0.04) 

120/40 11 (73.3) 0.16 (0.05) 0.16 (0.05) 10 (71.4) 0.23 (0.03) 0.12 (0.02) 16 (100) 0.21 (0.04) 0.19 (0) 

Total 135 (78.0) 0.18 (0.05) 0.15 (0.03) 135 (67.2) 0.21 (0.05) 0.16 (0.04) 156 (68.7) 0.25 (0.06) 0.21 (0.04) 

Immobilization (represents full sample size. Length range (mm) in parentheses) 

30/15 14 (246-379) 0.22 (0.07) 0.42 (0.05) 15 (251-421) 0.28 (0.05) 0.25 (0.03) 18 (206-495) 0.39 (0.12) 0.35 (0.14) 

30/25 14 (215-389) 0.30 (0.08) 0.39 (0.05) 11 (255-470) 0.32 (0.09) 0.27 (0.04) 19 (184-398) 0.38 (0.04) 0.32 (0.05) 

30/30 15 (232-425) 0.33 (0.09) 0.39 (0.06) 16 (235-428) 0.31 (0.04) 0.24 (0.06) 19 (205-477) 0.42 (0.10) 0.37  (0.03) 

30/40 13 (188-405) 0.28 (0.05) 0.33 (0.05) 27 (213-477) 0.40 (0.12) 0.25 (0.05) 26 (185-422) 0.42 (0.08) 0.31 (0.03) 

60/15 18 (200-423) 0.35 (0.05) 0.22 (0.06) 18 (248-430) 0.37 (0.07) 0.26 (0.03) 12 (210-399) 0.40 (0.03) 0.31 (0.07) 

60/25 15 (216-428) 0.31 (0.07) 0.22 (0.06) 21 (199-458) 0.33 (0.04) 0.24 (0.06) 28 (183-503) 0.32 (0.11) 0.37 (0.06) 

60/30 11 (201-394) 0.46 (0.16) 0.26 (0.05) 16 (189-432) 0.33 (0.07) 0.32 (0.05) 17 (182-410) 0.41 (0.06) 0.37 (0.06) 

60/40 14 (226-420) 0.31 (0.06) 0.26 (0.09) 16 (241-426) 0.31 (0.07) 0.33 (0.06) 21 (183-427) 0.40 (0.09) 0.24 (0.06) 

120/15 15 (250-416) 0.39 (0.14) 0.30 (0.04) 11 (195-344) 0.39 (0.08) N/A 20 (193-421) 0.40 (0.08) 0.27 (0.05) 

120/25 15 (215-390) 0.41 (0.08) 0.34 (0.12) 17 (209-430) 0.43 (0.09) 0.35 (0.06) 15 (202-426) 0.39 (0.05) 0.24 (0.04) 

120/30 15 (191-415) 0.27 (0.02) 0.36 (0.07) 19 (258-370) 0.37 (0.06) 0.32 (0.11) 16 (200-420) 0.37 (0.08) 0.31 (0.07) 

120/40 15 (217-422) 0.48 (0.17) 0.31 (0.06) 14 (244-428) 0.36 (0.13) 0.29 (0.06) 16 (235-399) 0.40 (0.04) 0.32 (0.09) 

Total 173 (200-428) 0.34 (0.09) 0.32 (0.06) 201 (189-477) 0.35 (0.08) 0.28 (0.06) 227 (182-503) 0.39 (0.07) 0.32 (0.06) 
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Appendix 3: Number of Blue Catfish (percentages in parentheses) that exhibited the twitch, aggressive 

twitch, and surfacing response. All fish tested were immobilized, so the percentage represents the 

portion of all fish tested as well as the percentage of fish that were immobilized. 

  

Waveform Cold Cool Warm 

Twitch 

8/10 10 (100) 19 (95) 28 (93.3) 

8/30 9 (90) 10 (90.9) 10 (90.9) 

9/10 6 (100) 10 (83.3) 16 (88.9) 

9/30 7 (87.5) 12 (80) 8 (72.7) 

10/10 14 (100) 21 (100) 12 (66.7) 

10/30 13 (100) 14 (93.3) 15 (88.2) 

12/10 9 (100) 19 (100) 15 (88.2) 

12/20 11 (91.7) 10 (90.9) 15 (78.9) 

15/10 13 (86.6) 22 (91.7) 18 (94.7) 

15/30 20 (95.2) 23 (85.2) 30 (88.2) 

80/10 4 (100) 10 (90.9) 9 (100) 

80/30 4 (80) 14 (93.3) 10 (71.4) 

Total 120 (94.5) 184 (91.5) 186 (85.7) 

Aggressive Twitch 

8/10 8 (80) 8 (40) 13 (43.3) 

8/30 5 (50) 4 (36.4) 5 (45.5) 

9/10 3 (50) 3 (25) 2 (11.1) 

9/30 4 (50) 2 (13.3) 5 (45.5) 

10/10 5 (35.7) 9 (42.9) 4 (22.2) 

10/30 2 (15.4) 4 (26.7) 2 (11.8) 

12/10 3 (33.3) 2 (10.5) 6 (35.3) 

12/20 0 0 6 (31.6) 

15/10 0 0 3 (15.8) 

15/30 1 (4.8) 1 (3.7) 1 (2.9) 

80/10 0 0 0 

80/30 0 0 0 

Total 31 (24.4) 33 (16.4) 47 (21.7) 

Surfacing 

8/10 2 (20) 0 2 (6.7) 

8/30 0 1 (9.1) 0 

9/10 0 1 (8.3) 1 (5.6) 

9/30 1 (12.5) 0 0 

10/10 2 (14.3) 0 1 (5.6) 

10/30 1 (7.7) 1 (6.7) 0 

12/10 0 1 (5.3) 1 (5.9) 

12/20 0 0 0 

15/10 1 (6.6) 0 3 (15.8) 

15/30 1 (4.8) 1 (3.7) 1 (2.9) 

80/10 0 0 2 (22.2) 

80/30 0 0 0 

Total 8 (6.3%) 5 (2.5%) 11 (5.1%) 
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Appendix 4: Numbers of Flathead Catfish (percentages in parentheses) that exhibited the twitch, 

aggressive twitch, and surfacing response. All fish tested were immobilized, so the percentage 

represents the portion of all fish tested as well as the percentage of fish that were immobilized. 

  Flathead Catfish 

Waveform Cold Cool Warm 

Twitch 

8/10 
 

27 (96.4) 30 (93.8) 

8/30 
 

18 (100) 29 (96.7) 

9/10 
 

20 (95.2) 23 (92) 

9/30 
 

11 (100) 16 (100) 

10/10 2 (66.7) 22 (91.7) 27 (96.4) 

10/30 
 

40 (90.9) 19 (90.5) 

12/10 
 

26 (100) 22 (88) 

12/20 
 

20 (95.2) 20 (76.9) 

15/10 10 (90.9) 31 (100) 18 (90) 

15/30 34 (100) 29 (93.5) 17 (80.1) 

80/10 
 

7 (100) 14 (87.5) 

80/30 
 

6 (100) 34 (85) 

Total 46 (95.8) 258 (96.3) 257 (85.7) 

Aggressive Twitch 

8/10 
 

21 (75) 23 (71.8) 

8/30 
 

13 (72.2) 17 (53.3) 

9/10 
 

14 (66.7) 15 (60) 

9/30 
 

9 (81.8) 7 (43.8) 

10/10 0 14 (58.3) 15 (53.6) 

10/30 
 

28 (63.6) 8 (38.1) 

12/10 
 

14 (53.8) 9 (36) 

12/20 
 

5 (23.8) 9 (34.6) 

15/10 0 9 (29) 5 (25) 

15/30 4 (11.8) 3 (9.7) 2 (9.5) 

80/10 
 

1 (14.3) 0 

80/30 
 

0 1 (2.5) 

Total 4 (8.3%) 131 (48.9) 111 (37) 

Surfacing 

8/10 
 

1 (3.6) 0 

8/30 
 

1 (5.6) 1 (3.3) 

9/10 
 

2 (9.5) 0 

9/30 
 

0 0 

10/10 1 (33.3) 1 (4.2) 1 (3.6) 

10/30 
 

1 (2.3 0 

12/10 
 

0 1 (4) 

12/20 
 

2 (9.5) 3 (11.5) 

15/10 0 2 (6.5) 0 

15/30 3 (8.8) 2 (6.5) 2 (9.5) 

80/10 
 

0 0 

80/30 
 

1 (16.7) 3 (7.5) 
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Total 4 (8.3%) 13 (4.9%) 11 (3.6%) 

 

 

Appendix 5: A boxplot showing the range of immobilization thresholds for Smallmouth Bass collected via 
angling (alternative) and electrofishing in cold water under the 120/25 waveform. Fish collected via 
electrofishing had significantly higher thresholds than fish collected via angling (P=0.016). 

  



88 
 

 

 

Appendix 6: A boxplot showing the distribution of twitch threshold for Smallmouth Bass collected via 

angling (Alternative) and electrofishing and tested using the 30/25 waveform in cool water. Fish 

collected with electrofishing had significantly higher thresholds (P=0.044). 
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Appendix 7: A boxplot showing the distribution of twitch threshold for Flathead Catfish collected from 

hatchery ponds (Alternative) and electrofishing and tested using the 15/30 waveform in cold water. Fish 

collected with electrofishing had significantly lower thresholds (P=0.045). 
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Appendix 8: A boxplot showing the distribution of twitch threshold for Flathead Catfish collected from 
hatchery ponds (Alternative) and electrofishing and tested using the 15/30 waveform in cool water. Fish 
collected with electrofishing had significantly lower thresholds (P=0.027). 
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Appendix 9: The relationship between length and twitch (top), forced swimming (middle), and 
immobilization (bottom) threshold for Smallmouth Bass collected in cold water.  For twitch, group A 
(open boxes) consists only of fish that were tested under the 30/40 waveform and group B (solid black 
points) is comprised of the remaining 11 waveforms. For forced swimming, group B (solid black points) 
consisted of three waveforms: 30/15, 30/25, and 30/40. Group A (open boxes) included the nine 
remaining waveforms.  For immobilization, Group B (solid black points) is composed of two waveforms, 
120/40 and 60/30. Group A is composed of the remaining 10 waveforms.  
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Appendix 10. Bar graphs of twitch (top), forced swimming (middle), and immobilization (bottom) 

thresholds for stock (20-28cm) and preferred (35-43cm) sized Smallmouth Bass in Warm (left), cool 

(middle), and cold (right) water. Error bars represent one standard deviation. 
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Appendix 11: Relationship between length and twitch, forced swimming, and immobilization threshold 
for Smallmouth Bass in cool water. All responses showed a negative relationship with length and there 
was no effect of waveform. 
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Appendix 12: Relationship between length and twitch, forced swimming, and immobilization threshold 
for Smallmouth Bass in warm water. There was a significant length effect for the immobilization 
response only, and there were no waveform effects. 

 

 

 

 



95 
 

 

 Appendix 13: Boxplot of pulse width (ms) and twitch (top), forced swimming (middle), and immobilization 
(bottom) threshold for Smallmouth Bass in cold (right), cool (middle), and warm (left) water.  
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Appendix 14: Relationship between length and various response thresholds in cold water for Blue Catfish. 
For the twitch and aggressive twitch responses, there was no waveform or length effect. For the 
immobilization response, 8/10, 15/30, and 10/30 waveforms had significantly different slopes than the 
other waveforms. The 15/30 and 10/30 waveforms did not have a significant length effect (group B). The 
8/10 waveform (group C) and the remaining waveforms (group A) had a significant negative relationship 
with length, but the 8/10 waveform had a higher intercept. 
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Appendix 18: Scatterplot of Blue Catfish that exhibited a surfacing response in cold water.  
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Appendix 17: Relationship between length and the log of various response thresholds for Blue Catfish in 
cool water. Neither the twitch or aggressive twitch response had significant waveform or length effects, 
but some waveforms (Group A, 8/10, 8/30, 9/10, 9/30, 10/10, 12/10, 80/10, 80/30) had a significant 
negative relationship with immobilization threshold, while the remaining waveforms did not.  
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Appendix 18: Scatterplot of Blue Catfish that exhibited a surfacing response in cool water. 
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Appendix 19: Relationship between length and the log of various response thresholds for Blue Catfish in 
warm water. There was no length or waveform effect for the twitch response, but some waveforms 
(12/10 and 9/30) produced higher aggressive twitch response thresholds than others. For the 
immobilization response, two groups of waveforms (Group A: 8/10, 8/30, 9/10, 10/10, 10/30, 12/30, 
15/30, 80/10, 80/30; Group C: 12/10, 15/10) had negative relationships with length, and one group 
(group B; 9/30) did not. 
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Appendix 20: Scatterplot of Blue Catfish that exhibited a surfacing response in warm water. 
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Appendix 21: Scatterplot of length and the log of immobilization threshold for two groups of frequencies 
in cold water for Blue Catfish. Group A (black points and line; 8Hz, 80Hz) had a negative relationship with 
length while Group B (remaining frequencies; open squares) had no length effect. 
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Appendix 22: Scatterplot of length and the log of immobilization threshold for two groups of frequencies 
for Blue Catfish in cool water. Group A (black points and line; 8Hz, 9Hz, 10Hz, 80Hz) had a significant 
length effect, while group B (open squares; 12Hz, 15Hz) had no length effect. 
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Appendix 23: Scatterplot of length and the log of twitch threshold for two groups of frequencies for Blue 
Catfish in warm water. Group A (gray points and line; 80Hz) had a steeper relationship with length than 
group B (black points and line; remaining frequencies). 
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Appendix 24: Scatterplot of the “useful field” time between twitch and immobilization for two groups of 
waveforms for Blue Catfish in cold water. The 15/30 waveform (open boxes) showed no effect of length, 
while all other waveforms (black points and lines) had no effect of length. 
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Appendix 25: Scatterplot of length and the “useful field” time between twitch and immobilization for two 
groups of waveforms for Blue Catfish in cool water. The 15/30 waveform (gray points and line) had a 
lower intercept than the other waveforms (black points and line). 
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Appendix 26: Scatterplot of the “useful field” time between twitch and immobilization for two groups of 
waveforms for Blue Catfish in warm water. The 80Hz waveforms (gray points and line) produced shorter 
useful fields than the other waveforms (black points and line). 
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Appendix 27: Relationship between length and various responses for two waveforms with Flathead 
Catfish in cold water. There was no waveform or length effect for the twitch and aggressive twitch 
responses, but both waveforms had a significant negative relationship with length for the immobilization 
response. 
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Appendix 28. Bar graphs of twitch (top), aggressive twitch (middle), and immobilization (bottom) thresholds for stock (25-50cm) 
and preferred (65-100cm) sized Flathead Catfish in warm (left) cool (middle) and cold (right) water. Error bars represent one 
standard deviation. 
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Appendix 29: Scatterplot of Flathead Catfish that exhibited the surfacing response in Cold Water. 
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Appendix 30: Relationship between length and the log of various response thresholds for Flathead 
Catfish in cool water. Neither the twitch or aggressive response showed a significant relationship with 
length, but some waveforms (8Hz, open boxes) produced higher aggressive twitch thresholds than the 
remaining waveforms (black points and lines). All waveforms produced similar immobilization responses 
but there was a significant negative relationship with length. 
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Appendix 31: Scatterplot of Flathead Catfish that exhibited the surfacing response in cool water. 
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Appendix 32: Relationship between length and the log of various response thresholds for Flathead 
Catfish in warm water. There was a length effect for all waveforms under the twitch and aggressive 
twitch thresholds. For the immobilization response, the 80/30 waveform produced lower thresholds (gray 
points and line) than the remaining waveforms. The 9Hz waveforms (open boxes and dashed line) had a 
steeper slope than the remaining waveforms (black points and line). 
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Appendix 33: Scatterplot of Flathead Catfish that exhibited the surfacing response in warm water. 
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Appendix 34: Relationship between length and the useful field between twitch and immobilization 
threshold for Flathead Catfish in cold water. 
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Appendix 35: Relationship between length and the useful field between twitch and immobilization for 
Flathead Catfish in cool water. 
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Appendix 36: Relationship between length and the useful field between twitch and immobilization for 
Flathead Catfish in warm water. There were three groups of waveforms, all with a significant length 
effect. The 12/30 and 9/30 waveforms (open boxes and dashed line) had a less steep slope than the 
remaining waveforms (black points and line) and the 10/10 waveform (gray points and line) had lower 
useful field values.  
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Appendix 37: Two sample power goals for the collection of Smallmouth Bass. Existing goals (dark grey) 

are built using an assumed effective fish conductivity of 150 µS/cm, and our experiments estimated the 

effective conductivity of Smallmouth Bass to be 123 µS/cm (light grey). These goals example are based 

on an assumed successful catch rate for Smallmouth Bass using 3000 Watts at an ambient conductivity 

of 150µS/cm. 
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Appendix 38: Two sample power goals for the collection of Blue Catfish. Existing goals (dark grey) are 

built using an assumed effective fish conductivity of 115 µS/cm, and our experiments estimated the 

effective conductivity of Blue Catfish to be 94 µS/cm (light grey). These goals are based on the power 

used during eight successful electrofishing samples for Blue Catfish and Flathead Catfish on Harry S. 

Truman Reservoir and Higginsville City Lake. For reservoirs, the average ambient conductivity was 273 

µS/cm, the average voltage output was 199 V, the average current output was 19 A, and the average 

power output was 3805 W. These outputs were achieved using a traditional anode configuration of six 

droppers one inch in diameter per boom. (Zach Ford, MDC, unpublished data). 
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Appendix 39: Two sample power goals for the collection of Flathead Catfish. Existing goals (dark grey) 

are built using an assumed effective fish conductivity of 115 µS/cm, and our experiments estimated the 

effective conductivity of Flathead Catfish to be 69 µS/cm (light grey). These goals are based on the power 

used during eight successful electrofishing samples for Blue Catfish and Flathead Catfish on Harry S. 

Truman Reservoir and Higginsville City Lake. For reservoirs, the average ambient conductivity was 273 

µS/cm, the average voltage output was 199 V, the average current output was 19 A, and the average 

power output was 3805 W. These outputs were achieved using a traditional anode configuration of six 

droppers one inch in diameter per boom. (Zach Ford, MDC, unpublished data). 
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Appendix 40: Predictive model for immobilization thresholds of Smallmouth Bass. The model (black line) 

was constructed using power density (µW/cm3) values converted from the voltage gradient 

measurements of the effective conductivity trials (open circles).  
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Appendix 41: Predictive model for immobilization thresholds of Flathead Catfish. The model (black line) 

was constructed using power density (µW/cm3) values converted from the voltage gradient 

measurements of the effective conductivity trials (open circles). 
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Appendix 42: Predictive model for immobilization thresholds of Blue Catfish. The model (black line) was 

constructed using power density (µW/cm3) values converted from the voltage gradient measurements of 

the effective conductivity trials (open circles). 
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Appendix 43: Pulse Width vs twitch (top), aggressive twitch (middle), and immobilization (bottom) 
thresholds for Blue Catfish in Cold (left), cool (middle), and warm (right) Water. 
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Appendix 44: Pulse width vs twitch (top) and immobilization (bottom) threshold for Flathead Catfish in 
cold water. 
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Appendix 45: Boxplot of twitch (top), aggressive twitch (middle), and immobilization (bottom) thresholds 
for Flathead Catfish in cool (left) and warm (right) water. 

 

 


