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Canals and other connected waterway systems, including the Chicago Area Waterway
System (CAWS), have often facilitated the spread of non-native species. Electric barriers
have recently emerged as a method for preventing this spread and protecting uninvaded
ecosystems from new invaders. The largest system of electric barriers in the world
is in the CAWS and is operated primarily to prevent the spread of invasive Asian
carp. It is not known whether these barriers are effective for other species, particularly
invasive invertebrates. Here, we provide data regarding the efficacy of an electric field
that operates at the same parameters as the electric barrier in the CAWS in affecting
behaviors of two invertebrate species, the red swamp crayfish Procambarus clarkii
and the amphipod Hyalella azteca. We constructed an electric field within a tank that
operates at the same parameters as the existing CAWS barriers and determined the
effects of the electric field on our test species. At the electric field parameters of the
CAWS barriers, the vast majority of P. clarkii individuals showed altered movement with
maintained equilibrium. For H. azteca, behavioral responses were less extreme than for
P. clarkii, with a majority of individuals experiencing altered movement. By measuring the
orientation of organisms to the electric field, we determined that the test organisms are
affected by the electric field, especially at lower field strengths where they exhibited no
or little other behavioral response. At lower field strengths, P. clarkii exhibited changes in
orientation, but at higher field strengths, individuals were less able to orient themselves.
H. azteca exhibited changes in orientation to the electric field at all field strengths. The
results of this study suggest that the existing electric barriers may not slow or prevent
spread of invasive invertebrates—including amphipods and crayfish—through passive
movement attached boats/barges or through downstream drift, but that the barriers
may prevent spread by active upstream movement. Overall, our work gives new data
regarding the efficacy of electric fields in preventing the spread of invasive invertebrates
and can inform management decisions regarding current and future electric barriers in
the CAWS.

Keywords: invasive species, crayfish, Procambarus clarkii, Apocorophium lacustre, Chicago Sanitary and Ship
Canal, amphipod
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INTRODUCTION

Invasive freshwater species cause large ecological and economic
impacts (Pimentel et al., 2005; Lodge et al., 2016). Preventing the
spread of established invaders is a major goal for conservation
and management but can be particularly difficult in connected
freshwater ecosystems (Strayer, 2010). Whereas many terrestrial
invasive organisms can be managed with herbicides, pesticides,
and mechanical means, the available technologies for managing
freshwater invasive species are more limited because of the
difficulty of directly targeting a given species (Manfrin et al.,
2019). Recently, there has been the development and limited
deployment of novel technologies for controlling invasive species
and restricting their spread through freshwater ecosystems.
These include bio-bullets (BioBullets1), which target filter-feeding
biofouling organisms in industrial settings, electric barriers to
deter spread of aquatic organisms (Sparks et al., 2010; Benejam
et al., 2015; Kim and Mandrak, 2017), and more recently the
suggestion that water saturated with carbon dioxide could be
used to inhibit the spread of invasive organisms (Kates et al.,
2012; Treanor et al., 2017; Suski, 2020). While these technologies
each offer promise, more research is needed to understand
how effective they are at deterring spread of a range of non-
native species.

The Mississippi River and Laurentian Great Lakes basins
have been invaded by many non-native aquatic species,
including bighead and silver carp (Hypophthalmichthys nobilis
and Hypophthalmichthys molitrix; Kolar et al., 2005), round
goby (Neogobius melanostomus; Kornis et al., 2012), rusty
crayfish (Faxonius rusticus; Peters et al., 2014), and numerous
amphipods (Grigorovich et al., 2005, 2008). These basins were
ecologically separated until the 19th century when canals were
built to facilitate transport and wastewater disposal. The major
connection between them is the Chicago Sanitary and Ship Canal
(CSSC), which forms part of the Chicago Area Waterway System
(CAWS). The CSSC was opened in 1900 and created the first large
permanent waterway connecting the Mississippi and Great Lakes
basins. Subsequent canal building has expanded the CAWS, and
there are now three harbors in Lake Michigan from which water
flows through the CAWS and eventually into the Mississippi
River. This connection has allowed several non-native freshwater
species to move from the Great Lakes to the Mississippi River and
vice versa. Some of these species are presumed to have moved
with the aid of boats via hull-fouling (e.g., Dreissenid mussels),
while others (e.g., round goby) have presumably been able to
transit the system unaided (Holeck et al., 2004; Keller et al., 2011).

Electric barriers are an emerging technology for preventing
the spread of invasive aquatic species through waterways and
canals (Sparks et al., 2010; Benejam et al., 2015; Kim and
Mandrak, 2017). These barriers offer the promise of addressing
invasive species threats without affecting the flow of water or the
passage of recreational and commercial boats. The largest electric
barriers in operation are in the CSSC where they have been
developed and parameterized to prevent the upstream spread
of Asian carp species from the Mississippi River into the Great

1http://biobullets.com

Lakes (Holliman et al., 2015; Parker et al., 2015). Although
the electric barriers may prevent spread of these large fishes,
the CSSC remains a potential route for spread of many other
taxa, which pose risks of moving through both upstream and
downstream and which may be transported on the hulls of boats.
Little information has previously been available about the effect
of electric barriers on these other species or modes of transport.

The CAWS remains a major risk for spread of damaging
invasive species, and much effort has been expended to
understand how species move through it, which species pose a
large risk for future spread, and how that spread can be prevented
(Veraldi et al., 2011). After round goby became established in
the Great Lakes, there was sufficient concern about its potential
to spread into the Mississippi River Basin that the construction
of electric barriers in the CSSC was proposed and approved
(Sparks et al., 2010). Unfortunately, by the time the first barrier
(known as the Demonstration Barrier) was operational in 2002,
round goby was already established in the Mississippi River Basin
(Kornis et al., 2012). Subsequent barriers (Barrier IIA and IIB)
were constructed in 2009, and all three barriers now operate to
deter the spread of bighead and silver carp (these species are often
collectively referred to as Asian carp) from the Mississippi River
Basin to the Great Lakes (Veraldi et al., 2011; Parker et al., 2015).
The barriers consist of steel cable electrodes that create direct
current (DC) pulses in the CSSC at an electric field strength of
2.3 V/in, a frequency of 34 Hz, and a pulse length of 2.3 ms
(USACE, 2011). These parameters were established based on tests
with bighead and silver carp (Holliman et al., 2015). A further
barrier (Permanent Barrier I) is planned to be operational by
2021 and will be the first barrier with flexibility to adjust settings
for electric field strength, frequency, and pulse duration (Charles
Shea, USACE, personal communication). Testing is currently
being conducted by the United States Army Corps of Engineers
to determine the parameters at which Permanent Barrier I will
be operated. Although the electric barriers in the CAWS are
operated to prevent the spread of invasive silver and bighead
carp, many other non-native species present risks of moving
through this system, and it is unknown whether the barriers
could effectively prevent their spread. Previous studies have
found that electric fields can alter the behavior of crustaceans
including fright or anxiety-like responses, attempted escape from
the field, and involuntary restless movement, but the effect
of electric fields on mobility and mortality in invertebrates is
largely unknown (Biswas, 1971, 2008; Vannini and Insom, 1976;
Fossat et al., 2014; Perrot-Minnot et al., 2017). If the barriers
are not effective, then greater resources and actions may be
necessary to prevent the spread of these species. In this study, we
have tested the effect of different electric field strengths on two
aquatic invertebrate species: Hyalella azteca, a small invertebrate
amphipod that is native to the region, and Procambarus clarkii
(red swamp crayfish), a large invasive crayfish that is currently
of great concern due to its recent arrival and spread in the
Great Lakes region.

These species were chosen for two reasons. First, electric fields
are known to affect different sized organisms in different ways,
and the two species used in our experiment measured are of
quite different sizes (H. azteca average size of 4.6 mm; P. clarkii
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average size of 20.2 mm). Second, these species either are already
of invasion concern in the region or are taxonomically and
morphologically similar to species of concern. P. clarkii is an
invasion concern as a crayfish with recently detected established
populations in inland and Great Lakes-adjacent waters in Illinois,
Ohio, Michigan, and Wisconsin (Ellison, 2015; Bunk and Van
Egeren, 2016; Jacobs and Keller, 2017; Donato et al., 2018;
Smith et al., 2018; Egly et al., 2019; Oficialdegui et al., 2019).
Native to the south-central United States and northern Mexico,
P. clarkii is a generalist species that can survive in a wide
range of freshwater habitats and is already globally widely
established (USGS; Cruz and Rebelo, 2007; Larson and Olden,
2012). Invasive populations of P. clarkii can reduce biomass
and species richness of macrophytes, leading to stable state
shifts, reduced abundance of macroinvertebrates, and displaced
native crayfishes through mechanisms such as competition for
food and shelter (Rodríguez et al., 2003; Paglianti and Gherardi,
2004; Gherardi and Acquistapace, 2007; Matsuzaki et al., 2009;
Twardochleb et al., 2013). We used juvenile P. clarkii since
the effect of the electric field on an organism is directly
proportional to organism size (Sternin et al., 1976; Miranda,
2009), so juveniles are likely to be less affected by the electric
field than adults and thus more likely to pass through the
barrier unhindered.

We chose H. azteca as a proxy for the amphipod
Apocorophium lacustre (scud), a filter-feeding amphipod
native to estuaries on the Atlantic coasts of North America and
Europe (Shoemaker, 1934; Bousefield, 1973; Faasse and van
Moorsel, 2003). A. lacustre has not previously been reared in any
lab and is difficult to maintain. H. azteca is similar in size and has
similar habitat preferences to A. lacustre, is readily available from
biological supplies houses, and has well-established protocols for
care (Grigorovich et al., 2008). A. lacustre was first recorded as
established in the lower Mississippi River in 1987 (Payne et al.,
1989) and has since spread extensively within the Mississippi
River basin to occupy the Ohio River, upper Mississippi River,
and the Illinois River. Its current known distribution extends
to within 100 river kilometers of Lake Michigan (Heard, 1982;
Payne et al., 1989; Grigorovich et al., 2008; Keller et al., 2017).

Our work investigates the effects of electric fields on
these two invertebrates. We created an electric field contained
within a tank which operates at the same parameters as
the existing electric barriers in the CAWS. We are among
the first to develop a relatively straightforward system using
inexpensive materials for testing the effects of electric fields
on smaller organisms. After constructing our electric field, we
conducted experiments to determine the effects of the electric
field on our test species and classified organism behavior
and used order parameter analysis to quantify amphipod and
crayfish response to the electric field. Although our study
focuses on static electric fields rather than the experience
of an organism approaching and moving through an electric
field, the behavior and orientation of organisms within an
electric field are critical to understanding potential effects of
electric barriers on organisms. Based on our initial results,
we conducted experiments with higher electric field strengths
than are produced in the CSSC to determine whether realistic

increases could produce a viable barrier to the spread of
invertebrate invaders.

MATERIALS AND METHODS

Organisms
Juvenile P. clarkii were reared in lab from adult females that were
caught in the North Branch of the Chicago River in October
2018 and October 2019. Juvenile P. clarkii were kept in aerated
tanks with dechlorinated water and fed every 3–5 days. Hyalella
azteca specimens were purchased from an online vendor and
maintained in the lab in aerated tanks with dechlorinated water
and fed every 3–5 days.

Electric Field Setup and Testing
We constructed an electric field within a rectangular glass tank
(122 cm long, 32 cm wide, and 34 cm deep) and calibrated it
to produce the same electric field strength and waveform as the
electric barriers in the CAWS. Our equipment consisted of three
elements: a modified backpack electrofishing unit (ETS PK-C2); a
power supply (Volteq HY3010EX), which supplies a DC to the
electrofishing unit and replaces its battery; and two Type 316
stainless steel plate electrodes (38 cm× 27 cm) placed at opposite
ends of the tank (Figure 1). The electrofishing unit was rewired
so that the anode and cathode lines were attached with jumper
cables to the electrodes. These were placed at each end of the tank
and produced a uniform electric field throughout the tank.

To confirm that our system produced the desired electric field,
we compared the true output of the electric field with the expected
output based on the backpack readings (Supplementary Material
3). In particular, we measured the voltage, current, frequency,
duty cycle, and waveform integrity in the tank using a Fluke
87V Industrial Multimeter, Fluke 124B Industrial Scopemeter,
and Fluke 80i-119s AC/DC Current Clamp (US Fish and Wildlife
Service, 2017). We used both the multimeter and the scopemeter
to test voltage. The average difference of the true output voltage
compared with the expected output was 1.2% as measured by
the multimeter and 3.3% as measured by the scopemeter. The
multimeter measured current between 0.04 and 0.10 A, higher
than the expected output when measuring a range of currents
from 0 to 1.1 A. We also used the scopemeter to measure
frequency and duty cycle. The scopemeter confirmed that the
waveform of the output was as expected. The average difference
was 2.1% for frequency and 6.4% for duty cycle. These differences
are minor considering the range over which we ran the electric
field (see below) and confirm that the electric field produced was
similar to that of the barrier in the CAWS.

Experimental Protocols
All experiments were conducted using lab water at both ambient
water temperature (mean ± standard deviation = 20.3 ± 1.4◦C)
and ambient specific conductivity (mean ± standard
deviation = 321.6 ± 56.8 µS/cm). To recreate the parameters
of the electric barrier in the CAWS, the initial settings on the

2https://www.ets.org
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FIGURE 1 | Diagram of experimental electric barrier setup, including power supply, electrofishing unit, tank, steel plate electrodes, and cathode and anode lines.

electrofishing unit were 106 V, 34 Hz, pulse length = 2.3 ms, and
duty cycle = 7.2%, creating an electric field of 2.3 V/in (USACE,
2011).

Each trial began with five individual organisms (haphazardly
selected from a tank containing the available pool of individuals)
placed in a non-conductive nylon mesh container in the center of
the tank. Trials consisted of three consecutive phases of 5 min:
pre-stimulus, stimulus, and post-stimulus (following Kim and
Mandrak, 2017). The electric field was off for the pre-stimulus
phase, on for the stimulus phase, and off again for the post-
stimulus phase. Trials were recorded with a video recorder
(GoPro, HERO4) placed overhead at the center of the tank.
During each trial, we recorded the behavior at the end of each
minute and response to a physical prodding with non-conductive
rod every 2.5 min. All organisms were kept for 24 h after each
trial to check for delayed mortality. It was not possible to record
the behavior of each individual organism over time. Instead, we
recorded the number of organisms in each behavioral state at
each time. All personnel who recorded behaviors were trained
by the lead author and frequently coordinated with each other
in an effort to limit observer bias (e.g., two observers viewing
the same organism but describing the behavior differently).
Our study included distinct behavior categories, which made it
difficult to make a mistake in classification, and we often had
multiple observers recording results independently, which when
compared always displayed >90% agreement between observers.
We were not able to make the observers “blind” to whether the
barrier was on or off due to safety issues that could arise (Holman
et al., 2015). We acknowledge that having different observers and
not knowing whether the barrier was on/off may have led to
some bias, but for the reasons described, we believe this would
have been minimal.

Using the video recordings and SolidWorks software
(BIOVIA, 2018; Supplementary Material 4), we later

determined the orientation of each individual to the electric
field every minute during the pre- and post-stimulus phases
and approximately every 30 s during the stimulus phase. Initial
trials were conducted at the field strength currently produced in
the CSSC. Based on results in these trials, we tested the effects
on crayfish at 25%, 50%, 200%, 300%, and 400% of the electric
barrier’s field strength by changing voltage to 26, 53, 212, 318, and
424 V, respectively, while leaving all other parameters constant.
We did the same for H. azteca except that we did not test at 25
and 50% because of the minimal response observed during the
initial (100%) trials for this species.

Three trials were conducted for each combination of field
strength and species, and each trial included five individuals.
For juvenile crayfish, 18 trials were conducted using a
total of 90 individuals (mean carapace length ± standard
deviation = 20.2 ± 7.2 mm, n = 90; Supplementary Table 1).
There were inevitable differences in sizes of individuals available
for the different trials. The only trial where this may have
been important is the 25% trial, which had somewhat smaller
organisms than the other trials (see section “Results”). For
amphipods, 12 trials were conducted using a total of 60
individuals (mean length ± standard deviation = 4.6 ± 1.0 mm,
n = 60; Supplementary Table 2). Individual organisms were not
reused in any trials.

Behavioral Analysis
Observations and video were used to score behaviors during
each trial. During the 5-min stimulus phase, organism behavior
was recorded and classified every minute for each individual as
one of five categories: no change in behavior, individual exhibits
normal behavior; altered movement, individual exhibits difficulty
in moving or swimming; rigid and maintaining equilibrium, body
is rigid but stays upright and organism maintains equilibrium;
rigid and lost equilibrium, body is rigid with no motor functions

Frontiers in Ecology and Evolution | www.frontiersin.org 4 April 2021 | Volume 9 | Article 631762

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-631762 April 26, 2021 Time: 15:4 # 5

Egly et al. Electric Barrier Tests on Invertebrates

and organism is not maintaining itself in upright position; and
mortality, a loss of equilibrium and motor functions with no
recovery, death.

Order Parameter Analysis
We recorded the influence of the electric field on organism
orientation by determining the order parameters and director
angles of organisms when the barrier was off (pre- and post-
stimulus phases) and on (stimulus phase). For a system of rods
or rod-like objects, the order parameter and director angle can
be used to describe how well the objects align and in what
direction, respectively. Aquatic species such as fish will often
orient themselves in a preferred direction relative to a pulsed
electric field. In some cases, the fish may swim toward the
anode with their bodies oriented parallel to the electric field
(Halsband, 1967; Lamarque, 1967). In others, fish will orient
themselves perpendicular to the electric field to minimize the
electric potential across their bodies, which in turn minimizes the
discomfort experienced (Burger et al., 2015). If the long axis of
an organism is oriented parallel to the electric field (in our case,
this would be an organism oriented with its posterior end pointed
at one electrode and the anterior end pointed at the other), the
angle would be measured as 0◦. If the long axis is perpendicular,
it would be measured as 90◦.

The orientation of each individual to the electric field was
measured five times each during the pre- and post-stimulus
phases (every 1 min) and 10 times during the stimulus phase
(every 30 s) for a total of 100 measurements per trial. These values
were used to determine the average orientation of the organisms
to the electric field, called the director angle, and how well the
organisms line up with one other, called the order parameter
(Andrienko, 2018). When examining the director angle, we are
looking to see if the organisms are aligning themselves either
parallel (0◦) or perpendicular (90◦) to the electric field or are
oriented in some other direction. If the director angle is close to
0◦ or 90◦, then organisms are likely responding the electric field.
The order parameter S, is given by the following equation,

S =
〈
2cos2θ− 1

〉
(1)

where θ is the angle of orientation measured relative to the
average orientation and the angle brackets indicate that we are
averaging over all measurements. S ranges in value from 1, which
indicates that all objects in a system are perfectly aligned, to 0,
which indicates that objects in a system are randomly oriented.
An order parameter of 0.5 would indicate that the organisms are
somewhat aligned but have a typical deviation from the director
angle of 30◦. In this work, we used an increase in order parameter
to indicate that the organisms were reacting to the electric field
and attempting to align in a preferred direction.

RESULTS

Behavioral Analysis
At 100% of the existing electric barrier field strength, most
P. clarkii individuals experienced altered movement (46%) or

rigidity with maintained equilibrium (36%; Figure 2A). Fewer
P. clarkii experienced rigidity and lost equilibrium (10%), and
none died either during the experiment or the 24 h following.
For H. azteca, behavioral responses at 100% of the existing barrier
strength were similar (Figure 2B), with a majority of individuals
(57%) remaining responsive but experiencing altered movement.
H. azteca individuals also displayed rigidity with maintained
equilibrium (31%) and rigidity with lost equilibrium (12%). No
H. azteca died during the experiment at 100% of existing barrier
field strength or during the 24 h following. Results in Figure 2
are aggregated across time to show overall behavior during
the stimulus phase at different electric field strengths because
reactions across the five organisms in each trial did not change
consistently throughout the 5-min stimulus phase for either
species (see Supplementary Figures 1, 2 for full time series data).

At electric field strengths ≥200% of the existing electric
barrier field strength, the number of strong behavioral responses
increased for P. clarkii, with the majority of individuals
experiencing rigidity and lost equilibrium (64% at 200% barrier
strength, 77% at 300% barrier strength, 91% at 400% barrier
strength; Figure 2A). Again, none were killed during the
experiments, and all recovered within 24 h after the experiments.
At electric barrier strengths lower than the existing barrier (25
and 50%), behavioral effects on P. clarkii were less extreme. At
25% of the existing barrier’s electric field strength, P. clarkii did
not exhibit any behavioral response; but at 50% of the existing
barrier’s electric field strength, a majority of individuals displayed
altered movement (72%). We note that juvenile crayfish used
in the trials for 25% of the existing barrier’s strength were
slightly smaller (average size = 12.7 mm vs. average size for all
juveniles tested of 20.2 mm). This was due to the availability of
individuals and may have affected the behavioral response seen
in the 25% trial.

For the amphipod H. azteca, an increasing number of
individuals experienced rigidity and lost equilibrium at electric
field strengths ≥200% of the existing barrier, with 51% of
individuals experiencing rigidity and lost equilibrium at 400%
(Figure 2B). None were killed during the experiments, and all
except three individuals survived for 24 h after the experiment.
Two H. azteca from the 200% trial died, and one from
the 400% trial.

Order Parameter Analysis
For every trial, we calculated director angle and order parameter
when the electric field was on (stimulus phase) and off (pre- and
post-stimulus phases). At 25% of the existing electric barrier’s
electric field strength, P. clarkii did not exhibit a behavioral
response recorded on our five-point scale (see above) but did
exhibit changes in orientation. These changes in orientation are
characterized by an increase in the order parameter (Figure 3A)
and a director angle close to 90◦ (i.e., perpendicular alignment
to the electric field) when the electric field was on (Figure 4). At
50% and 100% of the existing barrier’s field strength, we observed
a larger increase in the order parameter when the electric field
was turned on and a director angle close to 90◦. However, at
electric field strengths ≥200% of the existing electric barrier,
the increases in order parameter were smaller, and the director
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FIGURE 2 | Aggregated behavior across time during 5 min of stimulus phase for (A) juvenile Procambarus clarkii (n = 15 for each barrier strength) for 25%, 50%,
100%, 200%, 300%, and 400% of existing barrier strength; and (B) Hyalella azteca (n = 15 for each barrier strength) for 100%, 200%, 300%, and 400% of existing
barrier strength.

angle when the electric field was turned on was not close to 0◦
or 90◦.

Hyalella azteca exhibited changes in orientation to the electric
field at all electric field strengths, characterized by an increase
in the order parameter and a director angle close to 90◦
(perpendicular alignment) when the electric field was turned on
(Figure 4). At 200% of the existing barrier’s electric field strength,
we observed a larger increase in the order parameter when the
electric field was turned on than other voltages (Figure 3B).
At 400% of the existing barrier’s electric field strength, order
parameter values and director angles indicate that organisms
were still capable of responding to the electric field. At all electric
field strengths, individuals were able to maintain equilibrium, and
order parameter values and director angles can be inferred to be
a response to the discomfort of the electric field.

DISCUSSION

It is unknown whether the existing barrier in the CSSC would
deter the passage of invertebrates such as our study species. Based
on our results, it appears that the electric field created by the
existing barriers would affect behavior of organisms similar to
those used in our study when they were within the barriers.
Our results indicate that invertebrates similar in size to our
two study species may be less affected by electric fields than
Asian carp (Holliman et al., 2015; Parker et al., 2015). When
exposed to an electric field identical to that in the CSSC, many
P. clarkii and H. azteca were able to maintain equilibrium,
many remained mobile, and none were killed. This indicates
that individuals of either species could survive transit through
the barrier at its existing strength. Transit could occur attached
to the hull of a boat or in downstream drift (i.e., from the
Great Lakes to the Mississippi basin). Our work did not directly
address whether either of these species would be deterred from
independent movement upstream through the barrier at its
current strength.

Our constructed electric field is flexible in its parameters, and
this allowed us to test the effects of lower electric field strengths on
P. clarkii and higher electric field strengths on both P. clarkii and
H. azteca. For P. clarkii, at ≥50% of the existing barrier’s electric
field strength, some individuals exhibited altered movement and
rigidity, but there was only a consistent loss of equilibrium at
≥200% of the existing barrier’s electric field strength. Similarly,
at≥100% of the existing barrier’s electric field strength, H. azteca
individuals exhibited altered movement and rigidity but did not
consistently experience loss of equilibrium even at 400% of the
existing barrier’s electric field strength. Few individuals of either
species died during the experiments, and this was only at very
high electric field strengths.

The order parameter and director angle analysis offer
complementary metrics for investigating the effects of electric
fields on invertebrates. At 25% of the existing barriers’ field
strength, there was no apparent change in P. clarkii behavior,
but this species was clearly orienting itself to reduce exposure
to the electric field. As described in the section “Materials and
Methods”, this may have been influenced by the smaller size
of the organisms used in this trial, which we would expect to
make them less susceptible to the effects of the electric field
(see section “Results”). This effect was also apparent at 50% and
100% of the barrier strength, but at 200% and above, P. clarkii
individuals were less able to orient themselves. This is consistent
with most individuals being rigid at and above this field strength
and presumably unable to orient themselves in relation to the
electric field. This effect was not observed for H. azteca, which
were still able to orient themselves at 90◦ to the electric field at
the maximum field strength of 400%. These results show that
invertebrates are sensitive to electric fields even at low strengths
relative to the existing CSSC barrier, and it is plausible that this
sensitivity may provide a deterrent to active upstream movement.

Previous results from the CSSC show that the electric field
weakens near the hulls of metal boats (Dettmers et al., 2005).
Dettmers et al. (2005) confined fish to non-conductive cages
attached to both non-conductive and steel-hulled boats traveling
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FIGURE 3 | Average order parameter values while barrier was turned off (pre- and post-stimulus phases) and while barrier was turned on (stimulus phase) for
different barrier strengths for (A) Procambarus clarkii and (B) Hyalella azteca.

through the electric barrier to determine whether steel-hulled
barges reduce the electric field immediately around their hulls,
potentially allowing fish to move through the electric barriers.
They found that fish swimming alongside steel-hulled boats
took about three times longer to become immobilized than
those swimming alongside non-conductive boats. Although
measurements have not been taken at the interface of the
boat and water, this suggests that fouling organisms would
experience a far lower strength of electric field than a barrier
puts into the water column. Fouling organisms, which are
similar in size to H. azteca—such as the invasive Apocorophium
lacustre—may have a similar response. For these organisms,

our behavioral results suggest that even at full strength, the
existing barriers are unlikely to cause dislodgement of fouling
organisms from boats. While further studies investigating how
metal barges affect the electric field would be helpful, the
available evidence suggests that the existing barriers are unlikely
to prevent the spread of organisms that move attached to
hulls. Additionally, crayfish species such as P. clarkii have the
ability to spread to new waterbodies through overland dispersal
(Ramalho and Anastácio, 2014). Although our study does not
address this method of spread, the existing electric barriers in the
CAWS would be ineffective in preventing overland dispersal of
P. clarkii.
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FIGURE 4 | Average and range of director angle values for Procambarus clarkii and Hyalella azteca during stimulus phase for different barrier strengths. Juvenile
P. clarkii is displayed in blue, and H. azteca is displayed in red.

The additional electric barrier being designed for the CAWS
will be capable of flexible operating parameters (Charles Shea,
USACE, personal communication). Our results show that very
large increases in field strength would be required to appreciably
change the effect on invertebrates. It is possible, however,
that changes to waveform, pulse duration, and/or pulse length
may make the barrier more effective for addressing the risks
from invasive invertebrates. We did not experiment across
changes in these parameters, but we urge that more research
on this be conducted because it is possible that parameters
exist, which better balance prevention of movement for fishes
and invertebrates without simply increasing the strength of
the electric field.

The two invertebrate species that we tested measured an
average of 4.6 mm for H. azteca and 20.2 mm for juvenile
P. clarkii. Previous studies have shown that organism size is an
important determinant of the effects of electric fields, with larger
organisms generally being more affected (Sternin et al., 1976;
Miranda, 2009). Although we tested two invertebrates of varying
average size, there are taxonomic and morphological differences
among invertebrates that likely also affect organism response. For
example, mollusks have shells and are most likely to transit the
barriers attached to boats. We thus consider it unlikely that they
would be strongly affected by the barriers, although this should
be tested. Zooplankton, on the other hand, is most likely to drift
through the barrier in the water column. Based on our results, we
would not expect such organisms to be killed, and downstream
drift is presumably a feasible mode of spread through the barrier.
Further data on the electric barrier’s effects on a larger taxonomic
range would be useful in determining parameters for future
electric barriers.

A species of particular and immediate concern for spread
through the CSSC and into Lake Michigan is the amphipod
A. lacustre. This species is morphologically similar to H. azteca

and has a distribution in the CAWS up to the Dresden Island
Pool, 40 river kilometers from the existing electric barrier
(Grigorovich et al., 2008; Keller et al., 2017; Egly et al., 2021)
and within 100 river kilometers of Lake Michigan. Due to its
proximity to the Great Lakes, its ability to withstand a wide
range of environmental conditions (Szöcs et al., 2014), and
the high abundances it reaches in its invasive range, which
may alter food webs by displacing native amphipods (Heard,
1982; Grigorovich et al., 2005, 2008), A. lacustre is listed in
the United States Army Corps of Engineers’ Great Lakes and
Mississippi River Interbasin Study as a High Risk Aquatic
Invasive Species (Veraldi et al., 2011). This species is known to be
transported as a fouling organism on boats (Power et al., 2006).
Our results indicate that the existing electric barriers are unlikely
to prevent its spread, and thus that additional management will
be necessary if the species is to be prevented from entering
the Great Lakes.

Previous studies of electric barriers have largely focused
on fishes. These have found that electric barriers can restrict
movement of sea lamprey (Swink, 1999), common carp (Verrill
and Berry, 1995), and Asian carps (Sparks et al., 2010; Parker
et al., 2015), but there are large gaps in information regarding
effectiveness of electric barriers, particularly concerning
operating parameters, effects on non-target species, and how
effects depend on organism size. Our study is the first of which
we are aware that begins to fill gaps in the research by providing
methods for construction of an electric field contained in a tank
using inexpensive materials and providing data on the response
of invertebrates to electric fields. Results suggest that electric
barriers may deter the spread of invasive invertebrates similar to
our study organisms but only if those organisms pose a risk of
spreading upstream by their own locomotion. Further research
into electric barriers operating with different parameters may
find parameters that have stronger effects.
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